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ABSTRACT 
The agricultural tractor is designed as a general purpose 
machine and consequently, does not perform all its tasks at 
maximum efficiency. Various methods of increasing the field 
performance of these vehicles have been studied. 
Traction is one of the main factors limiting the field 
performance of the modern tractor. The process of developing 
traction has therefore been investigated by many researchers 
and although this study has resulted in a better 
understanding of the mechanics, it has not to any great 
extent assisted the operator to optimize performance in the 
field. 
It was concluded that in order to solve the problem the 
operator required a control system to maintain the dynamic 
load and inflation pressure at optimum levels. Work was 
carried out to develop and evaluate such a system using the 
Single Wheel Traction Research Vehicle at the USDA's National 
Soil Dynamics Laboratory in Auburn, Alabama, USA. 
A computer management system was developed to control the 
dynamic load, net traction and inflation pressure of the test 
tyre. During a simulated field operation the system was 
programmed to cycle the tyre over its operating range of 
dynamic load and inflation pressure while monitoring tractive 
efficiency. A tractive efficiency response surface was 
ii 
computed for the particular condition and the surface 
searched for the dynamic load and inflation pressure levels 
which resulted in maximum tractive efficiency. The tyre was 
then controlled and operated at maximum tractive efficiency. 
Evaluation showed that within the operating range of the 
tyre, tractive efficiency varied considerably with dynamic 
load, inflation pressure, net traction and soil condition. 
The results indicated that a considerable advantage could be 
obtained by using such an arrangement on a tractor. The 
system would automatically maximize the tractive efficiency 
of the tractor under the particular field conditions and with 
the particular implement being used. 
Implements could be ballasted and the hitch system used to 
control the weight transfer to ensure maximum tractive 
efficiency. Systems such as these would result in a 
significant improvement in the field performance of the 
machine and a 
optimize the 
combination. 
reduction in management time required to 
performance of the tractor implement 
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The agricultural tractor is designed as a general purpose 
machine and as such is not ideally suited to the execution of 
all its tasks which include high-speed low-draft operations, 
low-speed high-draft operations and operations where a 
significant portion of the power is transmitted through the 
PTO. The result is a machine which is reasonably efficient 
for most tasks and inefficient for others. In the past this 
compromise has been a cost effective solution for the prime 
mover on the farm, however, steadily increasing costs and 
lower profit margins have demanded that every effort be made 
to maximize efficiency under all conditions. Some 
researchers such as Gohlich (1984) question whether the 
general purpose nature of the tractor will be applicable in 
the future and believe that moves should be made towards 
special purpose vehicles. Others, however, have studied 
various methods of increasing the field performance and 
optimizing the efficiency of the standard agricultural 
tractor. 
The overall objective of this research was to identify the 
most effective route for optimizing the efficiency of tractor 
operation under a wide range of operating conditions and to 
develop an appropriate control system to achieve optimum 
efficiency. 
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The modern two-wheel drive tractor has a high power to weight 
ratio and because of traction limitations it is difficult to 
utilize the available engine power during low speed 
operations. The inefficient use of engine power has been 
investigated by a number of researchers and a wide variety of 
solutions have been put forward (Meiring and Rall, 1979, 
Lyne, Jacobs and 
1982, 
Meiring, 1980, Schrock, Matteson and 
Jahns, 1983, Grogan, Morris, Searcy, Thompson, 
Wiedemann and stout, 1984, Lyne, Bremner, Hansen, and 
Meiring, 1988, and Wang and Zoerb, 1988). The work has 
resulted in various types of indicators being used to assist 
the operator of a tractor in selecting the appropriate gear 
ratio and engine speed to ensure reasonable engine loading 
and a high engine operating efficiency. 
Once a high level of engine power is being utilized the 
second problem that arises is the transmission of the power 
to the drawbar of the tractor via the traction developed by 
the drive wheels. High draft is usually achieved with high 
wheel slip and low efficiency. The constraints related to 
traction have been investigated by many researchers and an 
effort has been made to gain a better understanding of 
traction mechanics, to enable increases in tractive 
efficiency to be achieved. 
Despi te the many studies carried out the complexities of 
traction are such that it is still not fully understood by 
researchers. Tractive efficiency is a function of a number 
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of variables including tyre characteristics, soil 
characteristics, axle load, axle power and net traction 
requirements. It is thus inevitable that a tractor operator 
will not be able to achieve a high tractive efficiency in the 
field with a standard tractor. 
Three approaches to solving the traction problem have been 
adopted in the past. The first has involved the fundamental 
approach using classical soil mechanics but, the inability to 
quantify all the parameters has made it impossible to provide 
rigorous mathematical solutions for traction theory and this 
is likely to remain the case for the foreseeable future. 
The second approach has involved the use of empirical methods 
to model traction. various models have been developed by 
researchers, notably Wismer and Luth (1972), Gee-Clough, 
McAllister, Pearson and Evernden (1978), Dwyer (1985), 
Brixius (1987), and ZOZ (1987), to assist in the prediction 
of traction parameters. Although these models have 
contributed to the understanding of traction mechanics they 
have proved impractical for the operator to use mainly 
because of the difficulty in defining soil conditions. 
The third approach is the use of the finite element method 
and this is the most likely method to provide a rigorous 
solution. Although finite element analysis is an invaluable 
tool for the designer it is of little assistance to the 
operator who is unable to quantify his operating parameters. 
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A solution to the operator's problem requires operator 
feedback and a control system to maximize efficiency under 
operating conditions. In the past it was not feasible to 
measure tractive efficiency directly on a production tractor 
and wheel slip was used as an indicator of tractive 
efficiency. Wheel slip meters were developed (Lyne and 
Meiring, 1977), and today commercial units are available to 
aid the operator in achieving a high level of tractive 
efficiency. However, this was only a partial solution 
because the relationship between slip and tractive efficiency 
is dependent on soil and tyre behaviour, both of which are 
difficult to define. 
with the availability of electronic draft control systems on 
commercial tractors and the ability to obtain a measure of 
the engine power being developed, the measurement of tractive 
efficiency becomes a viable alternative (Hansen, Meiring and 
North, 1978 and Lyne et al., 1988). Such an indicator would 
be a significant improvement on a wheel slip meter and would 
facilitate the variation of operating parameters to maximize 
the tractive efficiency. 
In theory, an operator could thus optimize tractive 
efficiency by selecting the traction device, the drawbar 
load, the dynamic load on the drive wheels and the inflation 
pressure to ensure the desired efficiency. However, in 
practice because of the general purpose nature of the tractor 
and the variation in field conditions, the axle load and 
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inflation pressure are the only variables and even here there 
are severe limitations. Firstly axle load or dynamic load is 
made up of static load which is inconvenient to vary, and 
weight transfer, which is not easy to determine and varies 
with implement setting, implement condition, and soil type. 
Secondly, the inflation pressure is specified at a fixed 
level by the tractor manufacturer to insure that the tyre is 
not overloaded when operated at high drawbar pull. 
Lyne, Burt and Meiring (1984) postulated that a control 
system should be developed to monitor tractive efficiency and 
maintain dynamic load and inflation pressure at optimum 
levels. Such a system would greatly ease the operators task 
and enable him to achieve and maintain high levels of 
tractive efficiency in the field. Czako (1974) examined the 
uses of central tyre inflation pressure systems on military 
vehicles, and concluded that these systems offered a definite 
increase in mobility with a relatively small increase in 
vehicle complexity. Della-Moretta and Hodges (1986) 
discussed the potential for use of central tyre inflation 
pressure systems on logging trucks for reducing maintenance 
costs of forest haul roads. Ashmore (1986) used a central 
tyre inflation pressure system on logging trucks in 
investigations of trafficability and road maintenance of 
logging roads. Also, hitches for tractors which control 
weight transfer have been investigated (Yavnai and Wolf, 
1979). Therefore, it seems likely that reliable central tyre 
inflation pressure systems and automatically controlled 
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weight-transfer hitches can be developed which will permit 
the selection of the desired dynamic load and inflation 
pressure. 
In this thesis the various models and methods for optimizing 
the traction of tractors are reviewed with the objective of 
determining the most effective method of optimizing tractive 
efficiency. The equipment and procedures to achieve real 
time control of dynamic load and inflation pressure, and 
hence to arrive at an optimum efficiency are described in 
detail. Finally an extensive evaluation of the optimization 
algorithm is presented. This evaluation involves the 
simulation of a range of field conditions including, soil 
type, net traction levels, inflation pressures and dynamic 
loads. 
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2 OPTIMIZING TRACTOR TRACTION 
A tractor carries out a variety of field operations over a 
wide range of surface conditions while at the same time it 
must cause as little damage to the surface as possible and 
operate at minimum cost. High labour costs and increased 
work rate requirements have resulted in a gradual increase in 
the tractor's power to weight ratio. While work rates have 
increased, efficiency has decreased because of the 
difficulty of transmitting the extra engine power to the 
drawbar. Over 20 years ago Gill and Vanden Berg (1967) 
indicated that the engine power available was in excess of 
the traction capacity of the traction device and yet the 
trend has continued. 
Dwyer (1982) stated that at the first European Conference of 
ISTVS, limitations on the design of Agricultural tractors and 
machines were discussed. It was agreed that one of the main 
limitations was the inability of these machines to carry out 
their primary function with maximum efficiency. 
One solution to the problem has been the use of front wheel 
assist to transfer the extra power to the drive wheels. 
However, this solution is an expensive one and the more cost 
effective approach would be to use the two wheel drive (2WO) 
efficiently on tractors of less than 150kW. 
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To optimize traction a thorough understanding of the 
mechanics involved is required. An accurate prediction of 
tractive performance in its widest sense is the ultimate goal 
for the derivation of traction theories (Janosi, 1962; Gill 
and Vanden Berg, 1967). The primary objective of any 
traction theory is to predict firstly, the resultant force 
components of support and net traction, and secondly, the 
displacement components of forward velocity, sinkage and skid 
angle. These force and displacement components are produced 
by the traction device and limited by soil strength. 
(Janosi, 1962; Persson, 1969). 
Attempts have been made to develop a rigorous traction 
theory, but the intricate nature of the soil-tyre interface 
has made this a demanding task which is yet to be 
accomplished. Consequently, much of the research has been 
directed towards empirical methods of predicting tractive 
performance. Although these techniques are not ideal they 
have provided useful information to the designer and user of 
traction equipment. They have enabled users to predict 
traction with a reasonable degree of accuracy and to 
establish the important parameters influencing tractive 
efficiency. 
Research has been carried out in three main fields, namely 
agriculture which includes forestry, earth moving equipment 
and military vehicles. Although the fundamentals of the 
soil-tyre interface are common, the objectives in the various 
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fields differ. In crop production systems drawbar pull and 
tractive efficiency are the most important criteria where 
firstly, work rate (ha/h) and secondly specific fuel 
consumption (l/ha) are the two most important operating 
parameters in quantifying a tractor's performance. The 
objective of this research will be to improve the performance 
of a 2WD tractor by maximizing tractive efficiency. 
2.1 Traction mechanics 
Traction is defined by Gill and Vanden Berg (1967) as the 
force derived from the interaction between a device and a 
medium that can be used to facilitate a desired motion over 
the medium. In this case the traction device is the tractor 
drive wheel which transforms axle torque to net traction and 
drawbar pull. 
The mechanics of a traction device deal with the interaction 
between the wheel and the terrain over which the vehicle 
operates (Yong, Fattah and Skiadas 1984). Even if all the 
necessary characteristics and properties of the wheel and the 
soil are known, it is still necessary to determine the 
relationships of the load on the wheel, the applied torque, 
the pull, the slip, the sinkage and the soil conditions. 
Freitag (1985) states that to conduct an analysis of the 
machine soil interaction, firstly the soil's response to load 
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must be expressed, including any changes that result from the 
loading, secondly the shape, size and intensity of the 
loading must be described and lastly the desired output of 
the interaction must be identified. Yang et ale (1984) 
specified the tractive-soil parameters which control the 
tyres performance as those shown in Figure 1. 
TYRES 
• Geometrical configurations and dimension: 
cross-sectional shape, width, diameter and section 
height 
• structural parameters: 
number and direction of plies, mechanical properties of 
tyre material composite 
• Thermal properties of tyre material composite 
• Tread geometrical configurations, thickness, width, 
shape 
• Inflation pressure 
• contact area on rigid surface 
• Load deformation/distortion characteristics 
SO I L-GROUND-SURFACE 
• Flotation: 
Plate, cone and vane-cone penetration test, triaxial 
test 
• Traction: 
Soil strength measured by cone penetrometer and various 
shear devices s~ch as bevameter, triaxial apparatus, 
vane-cone rotat10n, shear plate both rectangular and 
annular 
• Surface cover: 
Vegetation, barren, wetness, soil, etc. 
Figure 1 Tractive element-soil parameters (after Yang et 
ale 1984). 
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The so'ils which are encountered vary from sand to clay and 
are usually classified by the triangular size distribution 
system shown in Figure 2. The soil can also include slippery 
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Figure 2 Chart showing percent clay, silt and sand in the 
soil textural classes of the united states 
Department of Agriculture (Yang et ale 1984). 
The primary problem is that of quantifying the many 
parameters because the soil is non-homogeneous. It varies 
from sand to clay and includes varying quantities of air, 
water, rocks and organic matter. Using a deformable traction 
device on the above surfaces, which also vary with time, 
results in an involved system. 
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As indicated previously the main objective is to relate the 
vehicle performance in terms of efficiency to those of the 
soil and vehicle parameters. There have been two main 
approaches to solving the traction problem. One has involved 
the fundamental approach, but, the inability to quantify all 
the parameters has made it impossible to provide rigorous 
mathematical solutions for a traction theory and this is 
likely to remain the case for the foreseeable future. In the 
second approach empirical methods have been used to model 
traction performance. 
2.1.1 Fundamental approach 
It is generally accepted that Bekker (1956) was the first 
researcher to investigate a comprehensive, rigorous and 
quantitative evaluation of the complete terrain-vehicle 
system. In Bekker I s attempt to develop a comprehensive 
theory he based the relevant mechanical properties of the 
soil on the soil shear strength to describe thrust and wheel 
slip and on the vertical plate penetration test to describe 
wheel sinkage and rolling resistance. The net traction of a 
wheel is also generally accepted as being the difference 
between two primary forces, firstly, the soil thrust or gross 
tractive effort and secondly the rolling resistance or motion 
resistance. 
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The development of the soil thrust is based on the Coulomb-
Mickelthwaite criteria of soil failure in shear, which gives 
the maximum shearing stress (see equation 1) for a particular 
normal load and this has been used to determine the gross 
traction or thrust that can be developed by a traction 
device. 
F = A c + W tan ~ • ••••• (1) 
Where F = shear force 
A = area of soil being sheared 
c = cohesion 
W = normal force 
~ = internal friction. 
The shear strength parameters, cohesion and internal friction 
are most commonly determined with the use of a triaxial 
apparatus, translational shear box or the rectangular and 
annular shear plates as used by Bekker (1956). 
Bekker (1956) proposed a more general form of equation (1) 
given in equation (2), he made use of the fact that the form 
of soil shear stress-strain curves are similar to the shape 
of the displacement-natural frequency diagram of an aperiodic 
damped vibration (see Figure 3). 
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• ••••• (2) 
Where l' = shear stress 
c = cohesion 
¢ = angle of internal friction 
p = normal pressure 
Y = number of terms in brackets in equation (2) 
k
i 
= slippage coefficients 






Figure 3 Soil shear stress-strain curve with a "hump" 
(after Bekker, 1956). 
There are many variations of these equations such as those 
proposed by Janosi and Hanamoto (1961), Taylor and Vanden 
Berg (1966) and Kacigin and Guskov (1968). Spoor and Godwin 
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(1979) also pointed out that the shearing characteristics are 
affected by moisture content and this is not accounted for by 
the relationships above. 
Janosi and Hanamoto (1961) found that in the majority of 
cases the soil did not exhibit a hump and decay in the 
stress-strain curve as shown in Figure 3. They felt it was 
seldom necessary to use an involved equation such as 
equation (2) and also found that the numerical values of k j 
were difficult to determine. They formulated a simpler 
equation for tangential soil stress which is presented in 
equation (3). It should be noted that for very large soil 
deformations the stress described in equation (3) approaches 
the" stress that would be determined by equation (1). 
1 = (c + p tan (/» (1 - e -jlk) •••••• (3) 
Where k = slip coefficient 
p = normal pressure 
1 = tangential soil stress 
j = soil deformation required to produce the 
tangential soil stress. 
Taylor and Vanden Berg (1966) did not attempt to modify the 
Coulomb criteria for soil failure. They establ ished the 
stress-strain relationship based on the deformation as 
exhibi ted by the shearing stress-displacement curves and 
determined a relationship for the maximum soil stress given 
by equation (4). 
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f MAX = C + n1a 
(1-ni t2 •••••• (4) 
Where f = tangential soil stress 
c = cohesion 
a = normal soil stress 
j = soil deformation 
n1 and n2 are system parameters. 
Kacigin and Guskov (1968) felt that a hyperbolic function 
characterised the soil failure pattern more effectively than 
the aperiodic damped vibration and provided the following 
equation: 
f = a [fm (1 + a i ) tanh j /KJ 
cosh J/Kr 
•••••• (5) 
Where f = tangential soil stress 
a = normal soil stress 
f m= the ratio of the residual shear strength to the 
contact stress at large displacements 
Kr displacement to reach maximum shear stress 
a «ratio of the friction coefficients at the peak and 
residual stresses. 
The three constants describe the soil characteristics. 
16 
These relationships assume that shearing takes place in a 
horizontal plane while in practice this is not the case. 
Measurements made by Burt, Bailey and Wood (1987) of a tyre 
lug face operating in the soil and shown in Figure 4, 
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Figure 4 Measured tyre deformation of a tyre operating with 
a dynamic load of 20kN, an inflation pressure of 
110kPa and a net traction ratio of 0,15 (Burt et 
ale 1987). 
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Onafeko and Reece (1967) attempted to develop a theory for a 
rigid wheel in a deformable soil. In an attempt to account 
for actual shearing profile they postulated the following 
shear stress equation. 
f = [ 
-r/k{(8,~) -( '-5HSin8,-5in8)}] 
(c+ptan 4» 1-e 
Where r = rolling radius 
k = shear deformation modulus 
s = slip 
9 = angular coordinate of position on the wheel rim 
measured from BOC 
9, = coordinate of the point where rim and soil 
surface meet. 
Measurements carried out by Onafeko and Reece (1967) to 
validate the equation showed that it provided better 
correlation with their results than previous theories. 
However, they indicated that further research was necessary 
to improve the ability of the model to describe the 
relationship between wheel slip and shear stress. 
Johnson, Grisso, Nichols and Bailey (1987) reviewed the 
current methods available to measure the shear strength of 
agricultural soils. They concluded that the best method, 
apparatus and technique of shear measurement for agricultural 
soils had not yet been established. A review was also 
carried out by Maclaurin (1987) to determine the progress in 
18 
modelling, predicting and measuring soil-vehicle performance. 
He stated that a generally accepted method for describing 
strength-deformation properties of surface soils has yet to 
evolve. 
These are a few examples of the relationships that have been 
postulated to describe the shear stress that develops in the 
soil and some of the difficulties that have been encountered. 
They illustrate the diversity of thinking that occurs as each 
researcher attempts to account for the various factors and 
they show that there is still no generally accepted theory 
for describing the strength-deformation properties of surface 
soils. 
The second major force in traction is rolling resistance and 
the mechanics are based on the Bernstein equation shown 
below. 
p = kz 
Where z = sinkage 
p = normal pressure 
k = function of the soil. 
In applying the limit equilibrium approach to the evaluation 
of the bearing capacity of the loaded plate, Bekker (1956) 
proposed equation (6) which is a modification of the 
Bernstein equation. Bekker also gives numerous procedures 
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using a bevameter to determine numerical values for the 
coefficients in the equation. 
kc 
+ k;) zn p = (b 
• ••••• (6) 
Where z = sinkage 
p = normal pressure 
kc = cohesive modulus of sinkage 
k; = frictional modulus of sinkage 
n = an exponent reflecting the hyperbolic shape of the 
sinkage curve. 
Bekker (1956), assumed that the rolling resistance of the 
traction device was the sum of: 
(a) The forces required to compact the soil in the 
vertical direction Rc. 
(b) The forces required to bulldoze the soil in the 
horizontal direction Rb. 
(c) The motion resistance due to flexing of the 
traction device Rt • 
Yong et ale (1984) agrees that this is still a valid approach 
and that the plate model can be used to calculate the 
vertical compaction if the following assumptions are made: 
(a) There are uniform stresses below the traction 
device. 
(b) The sinkage is the same for the plate and traction 
device. 
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Using equation (6) and the above assumptions the sinkage Zo 
illustrated in Figure 5 and compaction resistance of a rigid 
wheel can be written as shown in equation (7). 
Re = bk [ 3W ] (2n+2)/(2n+1) n+1 bkd(3-n) 
•••••• (7) 
Where d = wheel diameter 
b = Wheel width 
k = (ke/b + k;) 
W = wheel load 





Figure 5 Wheel and plate - soil force system (after Yong et 
al. f 1984). 
The application of the plate model to predict the motion 
resistance of a pneumatic tyre is not accurate since the 
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model does not physically represent the true deflection of 
the tyre in the soil. If the tyre is physically idealised as 
shown in Figure 6 and if the pressure is assumed to be 
distributed uniformly along the flat contact surface, Yong et 
ale (1984) showed that the compaction resistance can be 
represented by the following equation. 
Where b = Wheel width 
Pi = tyre inflation pressure 
Pe = carcass pressure 
ke' k~ and n are soil values. 
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Figure 6 The physical model and actual measurements for a 
pneumatic tyre (Freitag and Smith, 1966). 
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It is interesting to note the discrepancy in the soil-tyre 
profile as measured by Freitag and Smith, (1966) and that 
measured by Burt et ale (1987) and shown in Figure 3. This 
again highlights the dilemma in establishing a rigorous 
theory. 
The bulldozing resistance is difficult to separate from the 
sinkage forces. If it is assumed to be the force required to 
push the soil mass at sinkage z ahead of the wheel it can be 
calculated using passive earth pressure theories, as shown 
below: 
Rt, = b ~in(Q+¢) bzck +yz2k 1 
2 S 1n Q cos ¢ k y1 
Where kk = (Nc - tan ¢) cos2¢ 
ky = (2Ny /tan¢+l) Cos2¢ 
Q = Cos-1 (1-2z/d) 
z = wheel sinkage 
Nc , Ny = bearing capacityfactors 
y = soil density 
•••••• (9) 
Where no soil displacement takes place in front of the wheel 
equation (9) will overestimate the real values. 
Motion resistance due to flexing of the tyre is dependent on 
many factors such as; 
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(a) tyre stiffness, 
(b) tread design, 
(c) soil-tyre relative stiffness, and 
(d) inflation pressure. 
The resistance can be measured on a hard surface and will 
yield an upper value for the tyre, this was evaluated by 
Bekker (1960) as: 
Where ~ = empirical constant 
f = empirical constant 
IPr = inflation pressure. 
The total motion resistance RR is the sum of the individual 
components: 
RR=Rc+~+Rt 
Again, there are many variations of the pressure sinkage 
relationships which emphasise the diversity of thinking. 
At this stage it should be noted that Bekker (1956) warned 
that the refinements of a rigorous solution might not lead to 
significant practical gains. Experimental results however, 
have shown that significant performance differences are 
related to variables which are not accounted for by present 
theory (Burt, Lyne, Meiring and Keen, 1983; Lyne and Burt, 
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(1989). Improved solutions are therefore necessary and this 
has been more closely approached by the recent use of the 
finite element method. 
Perumpral, Liljedahl, arid Perloff (1971) first used the 
finite element technique to predict traction forces. This 
work was followed by Yong and Fattah (1976) using a rigid 
wheel. Yong, Fattah and Boonsinsuk (1978) developed the 
technique further to take into account tyre flexibility. 
This work required X-ray photographic techniques to determine 
the terrain responses and displacement boundary conditions. 
This approach is of limited practical value as these 
conditions would have to be determined for each field 
condition. 
Yong (1985) described the use of energy transfer methods in 
conjunction with the finite element method to model the 
traction process. Again the soil and tyre properties and the 
boundary conditions play an important role in the success of 
the technique. 
Plackett (1985) states that although a major disadvantage of 
numerical methods is not being able to describe the 
mechanical properties of the soil adequately, one advantage 
is that they are able to predict the state of stress of the 
entire soil body after the passage of a wheel. 
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In an effort to describe the soil-wheel interface more 
accurately, Burt and Bailey (1985) and Burt, Wood and Bailey 
(1987) developed a sonic digitizer system to measure the 
stresses at the tyre-soil interface for a pneumatic tyre. 
This system enables researchers to measure directly the 
boundary conditions for the soil-tyre interface with a 
standard agricultural tyre and will improve the quantitative 
inputs required by numerical method techniques. 
Accurate measurements were made of the magnitude and 
directions of the normal and tangential stress by Burt et ale 
(1987) using the sonic system. The system was also applied 
by Wood and Burt (1987) to measure the thrust and motion 
resistance of a standard pneumatic tyre. The stresses were 
affected by both inflation pressure and dynamic load and the 
thrust ratios varied across the lug width for different soil 
and operating conditions, again indicating that assumptions 
made by researchers still require refinements to describe the 
traction process accurately. 
wi th the latest measuring techniques and the use of numerical 
methods researchers are obtaining a better understanding of 
the soil-tyre interface. However, a limitation of these 
methods is that, to predict the required forces, data are 
required which cannot be obtained realistically in a 
practical situation. This limitation has lead to the 
development of the scientifically less satisfactory, but 
easier to use empirical methods. 
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2.1. 2 Empirical approach 
Freitag (1966) initiated a method based on dimensional 
analysis to relate the various soil and tyre parameters and 
one of his aims was to reduce the number of variables and to 
use the relatively simple method of soil penetration 
resistance to quantify the soil parameters. 
Turnage (1972a) further improved the relationships and he 
developed the clay mobility number provided below to predict 
each of the following four tyre performance coefficients; 
(a) motion resistance / load, 
(b) pull/load, 
(c) sinkage / diameter, and 








= Cbd 1'6 1 
W-~ Ii (1+~) 
2d 
= cone index 
= unloaded tyre 
= tyre diameter 
= dynamic load 
section width 
= tyre deflection 
= tyre section height. 
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Wismer" and Luth (1972) produced the well known prediction 
equations by using a simplified mobility number Cn referred 
to as a wheel numeric for use in agriculture. 
Cn = ClbdjW 
Where CI = average cone index over the top 150mm of 
soil depth 
b = unloaded tyre section width 
d = tyre diameter 
W = dynamic load. 
Wismer and Luth (1972) used the following set of 
dimensionless ratios: 
TF P Q 






= f (CI bd b r s) 
W 'Ci' Ci' 
= towing force or motion resistance 
= pull 
= axle torque 
= rolling radius 
= wheel slip or travel reduction. 
They used similitude methods of experimental analysis to 
establish three dependent-variable relationships provided in 
equations (10) and (11). 
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TF = (1,2 + 0,04) W 
Cn 
Where TF = towed force 
C = wheel numeric n 
W = dynamic load. 
•••••• (10) 
• ••••• (11) 
Where F = gross tractive effort developed by the wheel 
s = wheel slip. 
The net traction (P) is the difference between the gross 
tractive effort and the towed force. 
P = F - TF 
These equations were limited by a number of assumptions such 
as a fixed dynamic load and although they did not provide 
accurate performance prediction they were widely used as a 
quick and easy procedure to determine vehicle performance. 
They went a long way to solving the problem of optimizing 
performance on the farm. otterman (1985) showed that the 
Wismer and Luth (1972) system could be calibrated for a 
particular soil condition by working backwards to compute CI 
from vehicle performance. It then provided very good 
estimates of performance if other operating parameters were 
varied. 
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Clark (1984) accounted for the difficulty in obtaining a 
representative cone index by introducing constants C, - C4 
which would vary with soil types and would be determined 
The more experimentally from a series of field tests. 
generalized form of the model for towed force and gross 
traction is given below: 
Where TF = towed force 
Cn = wheel numeric 
W = dynamic load 
F = gross tractive effort 
s = wheel slip. 
Many refinements have been made to these methods to broaden 
their scope and to improve the accuracy of the prediction. 
Dwyer, Comely and Evernden (1975) used the Turnage (1972b) 
mobility number to examine experimental results obtained with 
agricultural tyres and produced a handbook of agricultural 
tyre performance (Dwyer, Evernden and McAllister, 1976). 
Gee-Clough et al. (1978) re-examined the work of Dwyer et al. 
(1975) using an empirical approach and proposed that: 
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Where ct = 
(C t ) max = 
k = 
s = 
coefficient of traction 
maximum value of Ct 
a rate constant 
wheel slip. 
There is a fundamental difference between the approach taken 
by Wismer and Luth (1972) who used the classical method of 
predicting the gross traction and motion resistance 
separately and Dwyer et ale (1975) who predicted the net 
traction directly from the mobility number. 
The work by Wismer and Luth (1972) assumes a fixed dynamic 
load. In an effort to account for the real situation of 
varying dynamic load on log-skidder tyres, Ashmore, Burt and 
Turner (1987) substituted the dimensionless term W/Wr , for 
the bid and rid terms of Wismer and Luth (1972). Wr is the 
rated load for the tyre at a particular inflation pressure 
and this effectively removed the restriction of tyre 
dimension and deflection. 
Tests were carried out by Ashmore et ale (1987) where they 
used a range of dynamic loads and inflation pressures to 
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determine the equation below. The equation was used to 
predict the net traction in terms of travel reduction, 
dynamic load, cone index, rated load and tyre size. 
Where P = pull 
C = wheel numeric n 
s = wheel slip 
W = dynamic load. 
Figure 7 shows a comparison of the prediction from the above 
equation and from the Wismer and Luth equation. It can be 
seen that using assumptions to simplify a model as in the 
case of Wismer and Luth (1972), can lead to erroneous 
results. 
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Figure 7 Normalised net traction versus travel reduction 
for an 18.4-34 log-skidder tyre on a Lakeland 
sandy loam at an inflation pressure of 172kPa 
(after Ashmore et al., 1987). 
The Wismer and Luth equations were also refined by Brixius 
(1987) who introduced the following dimensionless ratios; 
(a) torque ratio Q/rW, 
(b) motion resistance ratio M/W, and 
(c) deflection ratio 6/h. 
These ratios were formulated to improve the description of 
the soil-wheel system. A mobility number Bn shown below was 
developed to include tyre deflection. 
33 
Where en = wheel numeric 
I) = loaded tyre deflection 
b = section width 
d = unloaded diameter 
h = section height. 
Brixius (1987) used curve fitting techniques with results of 
over 2500 tyre tests conducted in separate experiments by 
four different institutions (see Table 1). This resulted in 
an updated pull equation provided below. 
P = W[ 0,88 (1 - e-O,1Bn )( 1 _ e-7,ss) _ ( 1,0 + 0,5S)] 
~ ~ 
•••••• (12) 
Where P = pull 
W = dynamic load 
s = slip. 
Predicted versus measured values of pull ratio (PjW) at 20% 










Range of field test variables of data used for the 
curve fitting to determine the prediction 
equation (12) (after Brixius, 1987). 
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(1987) also gives recommendations on how 
equation (12) should be adjusted to account for its use with 
radial-ply tyres, although he warns that further analysis to 
improve the model is needed. This is one of the few 
techniques which recognises the well documented difference in 
performance between cross-ply and radial-ply tyres. 
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Figure 8 Predicted versus observed values of pull ratio 
(Brixius, 1987). 
An interesting approach by Kaumbutho, Rosenberg, Burkhardt 
and Srivastava (1987) made use of bond graphs to model the 
tractor dynamics. They felt this technique would enable them 
to compare variables more easily than using the traditional 
mathematical models. Their traction component of the model 
also relied on the Wismer and Luth (1972) equations and they 
found that during tests wheel slip was predicted with a 36% 
error and drawbar pull with a 7% error. 
The empirical methods have provided a convenient means of 
predicting performance and they have served a useful purpose 
for users of traction equipment. However, the fundamentals 
of traction mechanics should be studied further to attain a 
better understanding of the 
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mechanics involved. Having said this, it is also imperative 
that an effort be made to maximize present day performance. 
At present, a traction device is designed for general 
conditions and maximum performance can only be achieved by 
optimizing the parameters, and a very effective method of 
achieving this would be by having real time control of 
certain operational variables. 
2.2 optimizing tractive efficiency 
In practice, for a given set of conditions an operator does 
not have control over many of the variables affecting the 
tractive efficiency of his tractor. The traction device is 
fixed by the available vehicle, the soil condition is fixed 
by the field being prepared and the net traction is fixed by 
the operation being performed. This leaves the operator with 
the option of varying the load being carried by the drive 
wheel and its inflation pressure. Traditionally the operator 
has varied the static load and relied on the weight transfer 
to achieve an acceptable dynamic load. The inflation 
pressure is normally set to the tractor manufacturers 
recommended level to ensure safe loading of the tyre. 
various techniques have been developed to assist the operator 
in selecting the optimum parameters. Dwyer et ale (1975) and 
Dwyer et ale (1976) produced a handbook to assist operators 
in their selection of the correct tyre size for their 
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specific soil conditions. The handbook also gives predicted 
performance at different axle loadings, inflation pressures 
and travel reduction levels for various classes of surface 
condition. Drawbar pull levels are also furnished for the 
different conditions to enable the operator to match the 
implement to the tractor. 
Zoz (1972), produced a tractor drawbar performance predictor 
to help operators to match implements to tractors. Tyre 
performance data were used to predict tractor performance for 
the three hitch configurations and for surface conditions 
varying from soft or sandy soil to concrete. The predictor 
chart was updated by Zoz (1987) where he provided a template 
to operate in a standard computer spreadsheet. Although the 
system is easy to use its main limitations are that engine 
loading is not taken into account and it assumes fixed weight 
transfer coefficients for the three hitch types which in 
practice vary considerably. 
A curve representing the tyre load per unit of available axle 
power to achieve maximum efficiency was developed by Gee-
Clough, Pearson and McAllister (1982) using the empirical 
equations postulated by Gee-Clough et ale (1978). A further 
curve for the required wheel slip to ensure maximum tractive 
efficiency was provided to assist in the selection of ballast 
and wheel slip levels. 
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Evans, Clark and Manor (1989) developed a traction prediction 
and ballast selection system using the traction equations 
presented by Brixius (1987) and an equation solving 
programme. However, the model was only validated for bare 
soil conditions. 
The above procedures are of benefit to operators in enabling 
them to improve tractive performance. However, they assume 
that firstly, the pull that the implement requires can be 
predicted, secondly, that the soil can be classified 
correctly and lastly that a reliable measurement of the wheel 
slip that develops can be obtained. 
In spite of the various operator aids that have been 
developed, results show that tractors are still not being 
used effectively (Meiring and Rall, 1979; Lyne et ale 1980; 
Meiring, Walker, Hansen and Lyne 1985; Meiring, Rennie, 
Hansen and Lyne, 1987). During farm visits in Lancaster 
County, Nebraska, Wertz and Grisso (1988) carried out a 
survey of forty tractor owners to determine how effectively 
tractor tyres were being ballasted and inflated. seventy 
percent of the owners used dual wheels at all times on their 
primary tractor. Inflation pressures varied from 34 ' to 
207kPa and only 50% of the two wheel drive tractors had 
optimum ballast. 
To complicate matters there are differences in the definition 
of zero wheel slip. Most researchers rely on the ASAE method 
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of determining zero wheel slip on a hard surface whereas 
Dwyer et ale (1976) define zero wheel slip as the zero net 
traction point under field conditions in their tyre handbook. 
In an effort to further improve the systems, Clark and Vande 
Linda (1986) developed a rapid ballast system to facilitate 
the task of loading the tractor wheels correctly. The 
objective was to predict the required ballast and pump a 
liquid into tanks on the tractor from a station reservoir. 
The idea has merit, but the procedure is cumbersome and is 
therefore not a practical solution for the farmer. 
Zhang and Perumpral (1987) developed a slip control mechanism 
which varied the transmission ratio to control wheel slip at 
optimum levels. The Wismer and Luth (1972) relationships 
were used as the basis to determine the optimum wheel slip 
levels for the control system. 
Further systems were developed. Zhang, Liljedahl and Miles, 
(1984) varied wheel speed and Chancellor and Zhang (1987) 
varied either the draught control or the implement depth 
gauge wheel to maintain the wheel slip within a predetermined 
range. This was similar to a combined slip and draft control 
system developed by Ismail, Singh and Gee-Clough (1981), 
which also varied the draft control to maintain a fixed slip 
level. The above systems showed improved efficiency during 
trials, however the problem of determining the required wheel 
slip still exists. 
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A major criticism of this work is that Zhang et ale (1984) 
and Zhang and Perumpral (1987) were adjusting the vehicle 
performance and Ismail et ale (1981) and Chancellor and Zhang 
(1987) were adjusting implement depth to optimize traction. 
It is imperative that the speed and depth of operation be 
-
fixed by the tillage requirements and other parameters be 
varied to optimize traction. One has to be very careful that 
depth is not varied to the detriment of crop yield and 
profitability. Further, these same researchers were using 
wheel slip to optimize tractive efficiency when the wheel 
slip level providing maximum efficiency is difficult to 
determine. While using sophisticated control systems, 
tractive efficiency should be used as the control variable. 
It has been shown that weight is the most important factor 
affecting tractive performance (Dwyer, 1985) and that 
inflation pressure also plays a significant role (Yong, 
Boonsinsuk and Fattah, 1980; Burt et ale 1983; Charles, 1983; 
Lyne, et ale 1984). If it were feasible to vary the dynamic 
load and inflation pressure in the field, by controlling a 
weight transfer hitch and using a central inflation system to 
maximize tractive efficiency under the particular conditions, 
a significant improvement in field performance could be 
achieved. Such a system would have to ensure that the 
tractor and tyre remained within their specified load limits. 
It was therefore decided to develop and test a system that 
would determine the tractive efficiency response for the 
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particular operating conditions and operate the tyre under 
the dynamic load and inflation pressure levels which would 
give the maximum tractive efficiency for the specific 
conditions. 
2.3 Tractive efficiency response model 
The normal procedure to determine a response surface would be 
to collect data with tractive efficiency as the independent 
variable and dynamic load and inflation pressure as the 
dependent variables and carry out a regression analysis with 
the data to determine the surface model. However, in order 
for such a system to succeed in practice it would be 
necessary to have a general model which could be used under 
all conditions and to determine the coefficients for the 
model during field operations. 
The method used to postulate a general model involved 
investigating measured data to determine whether it was 
feasible to use a general model which would give a good fit 
under all conditions. One set of data was published by Burt, 
et ale (1983) and another unpublished set measured at the 
NTML (1984) were used for the exercise. A tractive 
efficiency response surface was plotted through the measured 
points (see Figure 9) of each of 12 different data sets and 






Figure 9 An example of a surface drawn through the data 
published by Burt et ale (1983). 
The surfaces were all segments of a smooth convex shape which 
could be represented accurately by a full second order linear 
model of the form shown below: 
TE = A(O) + A(1)IPr + A(2)IPr2 
+A(3)DL + A(4)DL2 + A(5)IPr.DL 
Where TE = tractive efficiency 
IPr = inflation pressure 
DL = dynamic load 
A( i) = regression coefficients. 
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.•.•.. (13) 
The above model was selected to represent the tractive 
efficiency response surface for all conditions. A system was 
developed to evaluate the concept of automatic control of DL 
and IPr and the suitability of the above model. The 
abbreviations used for tractive 
pressure and dynamic load will 
remainder of the document. 
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efficiency, inflation 
be utilized during the 
3 REAL TIME CONTROL OF DYNAMIC LOAD AND INFLATION PRESSURE 
To maintain maximum tractive efficiency of a vehicle during 
an operation, a system was required to optimize the dynamic 
load and the inflation pressure of the drive wheels in real 
time. To ensure operator safety and acceptable tyre life the 
system would have to maintain the dynamic load and inflation 
pressure levels within the specified operating range of the 
tyre. To achieve these requirements a programme was 
formulated to develop and evaluate such a system using the 
USDA's Single Wheel Traction Research Vehicle (SWTRV) 
described by Burt, Reaves, Bailey and Pickering (1980). The 
SWTRV operated in soil bins thereby enabling the evaluation 
of such a system to be carried out under strictly controlled 
conditions. This control would have been difficult to 
achieve in the field. 
Lyne, Burt and Jarrell (1983) added computer control to the 
existing controls on the SWTRV to implement a real time 
control programme. The SWTRV is a powerful machine of 
considerable weight and extreme care had to be taken with the 
control programme to ensure complete safety to the operators 
and the machine while under computer control. The system 
would have to detect and cater for any type of malfunction. 
An optimization algorithm to maximize tractive efficiency 
(TE) was added to the control system. An experiment was then 
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planned to examine the algorithm's ability to locate the 
optimum dynamic load and inflation pressure while simulating 
a field operation (Lyne and Burt, 1989). Soil type, surface 
preparation and net traction (NT) levels were varied to cover 
the range of conditions expected in the field. 
3.1 Single wheel traction research vehicle 
The single wheel 
Figures 10 and 11 
hydraulic power. 
traction research vehicle shown in 
was a soil bin vehicle with diesel-
It was equipped with electro-hydraulic 
servo controls to vary the speed of the vehicle along the 
bin, the angular velocity of the test wheel and the vertical 
load on the test wheel (Burt, et ale 1980). 
Figure 10 Single wheel traction research vehicle. 
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The test wheel was secured in a framework which was mounted 
within a superstructure. The superstructure could traverse 
across the width of the bin within the car structure. The 
car structure travelled the length of the soil bin on rails 
along the side of the soil bin. This enabled the test tyre 








Test wheel framework 







vertical loading system 
Test wheel drive 
Figure 11 Wheel frame work on the single wheel traction 
research vehicle (after Burt, et ale 1980). 
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The forces generated by the test wheel were transmitted to 
the superstructure through pivots and a two dimensional 
dynamometer system at the rear of the test wheel framework 
(see Figure 11). The vertical load on the test tyre was 
applied through a hydraulic cylinder in series with a load 
cell mounted vertically above the test wheel. This enabled 
all the external forces on the test tyre to be measured. A 
hydraulic motor drove the test wheel through a torque meter 
which in conjunction with a shaft encoder gave the torque and 
speed signals for the test wheel. 
3.2 Vehicle drive and control system 
A schematic of the drive and control system for the SWTRV is 
shown in Figure 12. The diesel engine drove two separate 
hydraulic pumps. One was used to control the vertical load 
on the test tyre and maintain the tyre framework in a 
horizontal plane and the second to drive the SWTRV down the 
bin and power the test wheel. 
Each system was controlled by a closed loop analogue 
controller with a constant or ramp set point which could be 
selected by the vehicle operator. The system gave the 
operator the capability of selecting the set points for 
normal load on the test tyre, the angular velocity of the 
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test tyre and the forward veloci ty of the vehicle. A 
potentiometer was used to adj ust the set points for each 
parameter. The operator was also able to set a ramp between 
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Figure 12 Block diagram for the SWTRV drive and control 
systems (after Burt, Reaves, and Taylor, 1977). 
A displacement transducer was used to monitor the vertical 
movement of the tyre during operation. This movement was 
used as a feedback to the framework controller to maintain 
the framework in a horizontal plane. This ensured that the 
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external forces on the framework remained in three orthogonal 
planes. 
3.3 Instrumentation and data acquisition 
strain gauge type load cells were used in the two dimensional 
dynamometer system for measuring the vertical and longi-
tudinal forces transmitted from the test wheel framework to 
the superstructure. A strain gauge type pressure cell for 
measuring the tyre inflation pressure was mounted on the 
superstructure. The pressure cell was coupled to the tyre 
via a flexible hose and swivel coupling similar to the system 
described by Czako (1974). The test wheel torque meter was 
also of the strain gauge type. Shaft encoders producing a 
frequency output for measuring the tyre car velocity and the 
test wheel angular velocity were mounted on a fifth wheel 
running on the soil bin rail and on the test wheel drive 
respectively. These transducers were coupled via cables to 
a data acquisition system housed in an enclosed instrument 
car trailed by the SWTRV (see Figure 10). 
The data acquisition system consisted of a Modcomp Classic 
11/15 mini computer with a real time multi-tasking operating 
system. The computer was interfaced to a high speed analogue 
input subsystem for measuring the analogue signals from the 
SWTRV. Figure 13 is a block diagram of the data acquisition 
system used. 
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The strain gauge signals from the load cells and pressure 
transducer were processed by strain gauge amplifiers and 
linked to the computer via the AID subsystem. The frequency 
outputs from the shaft encoders on the test wheel and fifth 
wheel were conditioned by process controllers and also 
coupled to the computer via the AID subsystem. 
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Figure 13 Block diagram of the data acquisition and control 
system. 
A DIA system transmitted display signals such as travel 
reduction, dynamic load and net traction for the SWTRV 
operator. The display signals activated analogue meters to 
provide the SWTRV operator with visual feedback of the 
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process variables. Analogue signals were also transmitted to 
the closed loop control systems for the test wheel. A 
digital I/O system transmitted and received digital signals 
between the two vehicles, which included, start and stop 
control signals, computer integrity signals and inflation 
pressure control valve signals. 
The computer was equipped with only 512kb of RAM to store 
programmes and to buffer the data during a test run and hence 
it was necessary to be cautious not to over extend a test 
run. The various programmes used, were stored on an on-line 
host computer (see Figure 13) and down-loaded as required. 
At the end of a test run the data were displayed graphically 
and examined before being down-loaded to the host computer 
for storage and subsequent processing. 
The sequence outlined below was used to calibrate and scale 
the data acquisition system during the project. At the start 
of each test day the electronics and hydraulics were warmed 
up to operating temperature. The diesel engine driving the 
SWTRV was then switched off and all hydraulic circuits left 
in an unloaded condition. The data acquisition programme 
permitted the manual selection of the parameters required 
during the particular test and the adjustment of the gains of 
the amplifiers to ensure that the maximum resolution of the 
A/D converters was used. The transducer signals were 
measured in the unloaded condition to obtain the zero bias 
and remeasured with calibration resistors switched into the 
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circuit. These data were used to compute regression 
equations relating measured voltages to engineering units. 
The bias was remeasured before each test run to account for 
any offset that might have occurred. 
The data acquisition routine cycled through the selected 
channels and the distance travelled down the bin was used as 
the criterion for data storage, in preference to a time based 
criteria. This insured that the frequency of data storage 
was independent of vehicle speed and data points were saved 
for each 50mm distance travelled in the soil. The measured 
data were also used as the feedback information for the 
control programme. 
3.4 Computer control system 
A conventional analogue closed loop system as indicated by 
the solid lines in Figure 14, provided the control for the 
vertical load on the tyre (normal load), the angular velocity 
of the tyre and the forward velocity of the test car at the 
set point levels. The set points were obtained from the 
potentiometers controlled by the operator. This equipment 
was mounted on the SWTRV and enabled it to be controlled 
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Figure 14 Schematic of the analogue control system used by 
the SWTRV and the digital control elements (after 
Lyne, et ale 1983). 
Various options for implementing computer control were 
considered and the following features were believed to be 
important and were incorporated in the system: 
(a) The computer control system should allow the SWTRV to 
operate independently of the instrument car. It was 
necessary to separate the SWTRV and the instrument car 
to move the vehicles from one bin to another. It was 
also necessary to operate the SWTRV independently during 
maintenance and development work. 
(b) The existing minicomputer in the instrument car should 
carry out the control function in addi tion to the 
existing data acquisition function. 
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(c) The operator of the SWTRV should have overriding control 
and be able to switch computer control in and out of 
operation. The operator was in an ideal position to 
moni tor the vehicle operation and to detect any abnormal 
operation which would require the automatic control 
programme to be terminated. 
(d) A system should monitor the integrity of the computer 
and transducer signals and provide a controlled shut-
down if any malfunction was detected. 
The existing control system was therefore left intact and the 
dashed line elements illustrated in Figure 14 were added to 
achieve computer control. The control was accomplished by 
incorporating a proportional-integral-differential (PlD) 
control algorithm into the data acquisition programme. The 
control signals were then transmitted via the digital-to-
analogue outputs provided on the computer to continually 
update the set points in the existing analogue control 
circuits to ensure the necessary control. 
The control algorithm is summarized in Figure 15. The 
programme was written to prompt the operator for the required 
inputs. Once the required control parameters had been 
selected the programme cycled the computer through the data 
acquisition routines, computed the dynamic load, net 

































A test was run using two operators. One was seated on the 
SWTRV (see Figure 10) and controlled the test by operating 
the vehicle and the second, the computer -operator, was in the 
instrument car. At the start of a test the computer operator 
ini tiated the control programme and was prompted for the 
control variables such as tyre load and inflation pressure 
limits and the net traction required. 
Once the inputs were complete the programme cycled through 
the data acquisition routines to compute the operating 
variables such as dynamic load, net traction and travel 
reduction and transmitted these to analogue meters on the 
SWTRV operator panel. The SWTRV operator then started the 
SWTRV and manually varied the controls to bring the vehicle 
up to speed and to get the operating parameters as close to 
the set points as possible. Once the vehicle speed, dynamic 
load and inflation pressure were close to their target values 
control was enabled. The control programme then adjusted the 
set points to the target values and indicated via a printout 
once the targets had been attained. 
The operators then waited until the vehicle reached the test 
area and depressed the Data switch to initiate the 
optimization routine which is discussed in section 3.5. If 
the SWTRV operator believed that anything was abnormal he 
could activate the stop switch to terminate the test. This 
aborted the programme and the SWTRV was brought to a stop by 
going through a controlled shut-down procedure. 
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certain limits on the measured parameters were checked and if 
any of these limits were exceeded the programme was aborted 
and again the SWTRV was stopped by a controlled shut-down 
procedure. The reason for this check was two fold, firstly, 
any failure of the transducers or electronics and secondly, 
inadequate functioning of the control algorithm would have 
resulted in abnormal parameter values and these values were 
used to detect system failure. In these cases a printout was 
produced indicating the reason for the shut-down. The shut-
down procedure involved computing a linear ramp to reduce the 
current levels of dynamic load, test wheel velocity and 
vehicle velocity to zero in approximately two seconds. 
The above procedure did not cater for a computer malfunction 
and a separate method was devised that checked for this 
malfunction and then if necessary used the emergency shut-
down system built into the SWTRV. This system used a relay 
which kept the hydraulic pumps in operation and if the relay 
was released by either a loss of power or the activation of 
an emergency switch the hydraulic pumps were automatically 
unloaded. The computer was programmed to generate a fixed 
frequency which was monitored by an electronic circuit on the 
SWTRV and if this frequency deviated while computer control 
was enabled the pump relay was automatically released and the 
SWTRV brought to a halt. 
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3.5 Optimization algorithm 
As already indicated a key obj ecti ve of the work was to 
establish the dynamic load and inflation pressure which would 
enable maximum tractive efficiency to be attained during a 
specific operation. The method used to accomplish this 
involved mapping the tractive efficiency response surface 
over the dynamic load-inflation pressure range of the tyre. 
The response surface was computed by using a multiple 
regression technique and the maximum tractive efficiency 
point was identified by searching the surface for its maximum 
point. 
Sufficient data were required to compute a representative 
tractive efficiency response surface and a control sequence 
was developed to step the tyre through its dynamic load and 
inflation pressure range to achieve this. A number of 
factors influenced the design of the system and these are 
outlined below: 
(a) The maximum tractive efficiency point was to be 
established as quickly as possible. It was important to 
complete the optimization process before any changes 
occurred in the operating conditions. This could be a 
problem during on farm operations if optimization was a 
lengthy process. 
(b) Hydraulic systems which would vary the dynamic load were 
inherently faster acting than air inflation systems. 
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This meant that it was possible to vary the dynamic load 
over its operating range at a faster rate than the 
inflation pressure could be varied over its range. 
(c) The pressure differential between the air in the 
reservoir of the tyre inflation system and that in the 
tyre was much greater than that between the air in the 
tyre and the atmosphere. This meant that the pumping 
rate of the tyre was about twice the leak rate or the 
rate at which the tyre could be deflated by exhausting 
the air in the tyre. 
(d) The test had to be started at a load which would ensure 
sufficient traction to be developed for the net traction 
selected for the test. 
(e) The minimum dynamic load required to obtain the desired 
net traction in the soil condition had to be established 
during each particular test. 
(f) The system had to be flexible enough to enable the 
operator to vary as many parameters as possible. 
(g) The wheel slip was limited to a maximum of 25%. This 
was commonly considered a reasonable maximum limit 
because maximum tractive efficiency would not occur at 
wheel slip levels above this level. 
certain variables listed below had to be initialized at the 
beginning of a test run: 
(a) The net traction required for the particular test. 
(b) The maximum rate at which the dynamic load was varied, 
DL RATE. 
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(c) The number of steps, NU STEP, to cover the operating 
range of the tyre. 
The DL RATE was set as a variable to facilitate runs to 
determine the maximum DL RATE that could be achieved without 
compromising the stability of the system. The number of 
steps was set as a variable to minimize the time taken to 
determine the response surface while acquiring sufficient 
data to compute a representative surface. 
To conserve soil bin area, and with the exception of the 
first test in a lane, each test run was started on a used 
test zone to enable the initial target to be attained before 
the SWTRV reached the current test zone. The computer 
programme monitored the operating parameters and once the 
initial target had been reached, this information was 
displayed to the SWTRV operator who waited for the test zone 
to be reached before initiating the data acquisition cycle 
and optimization routine. 
A schematic of the procedure used is shown in Figure 16 
where: 
IPr min is the minimum inflation pressure of the tyre, 
selected by the operator and normally determined 






is the maximum inflation pressure of the tyre, 
selected by the operator and normally determined 
by the tyre specifications. 
is the lowest dynamic load expected on a tractor 
fitted with this particular tyre and is fixed by 
the tractor mass. 
is the maximum dynamic load at any inflation 
pressure, normally within the recommended 
inflation pressure range. This is calculated by 
using the maximum recommended static load at that 
pressure and the dynamic weight transfer as 
determined by the procedures provided in ASAE Data 
0230.4 (ASAE Standards, 1988). 
is the point identified by a search of the 
response surface as the dynamic load-inflation 
pressure combination resulting in maximum tractive 
efficiency. 
A flow chart and discussion of the control programme is 
presented in Appendix A. 
The operating parameters IPr min, IPr max and OL min were 
used as variables in the algorithm to enable researchers to 
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Figure 16 optimization procedure for determining 
maximum tractive efficiency point (after Lyne 
and Burt, 1989). 
The initial target was set at the lowest pressure, IPr min 
because it was faster to increase inflation pressure than 
decrease it. The initial target was also set at the maximum 
dynamic load DL max at the inflation pressure IPr min, this 
was to ensure that the required traction could be achieved 
without excessive wheel slip (see Figure 16). 
The maximum wheel slip limit was achieved by arranging that 
during step 1 the inflation pressure was held constant and 
the dynamic load was reduced to the point where a limiting 
factor of either DL min or 25% wheel slip was reached. This 
determined the minimum dynamic load to be used for the 
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particular run and enabled the net traction to be achieved 
without excessive wheel slip. If the dynamic load at this 
point was greater than the DL min initially selected DL min 
was reset to the current value. 
From this point, A in Figure 16 to the final target the 
inflation pressure was gradually increased to IPr max while 
the dynamic load was cycled between DL min and DL m~x. It 
was arranged in this manner because the dynamic load could be 
varied at a much faster rate than the inflation pressure 
could be varied. Data were collected while the tyre was 
operating between the initial target and final target. 
The inflation pressure step IPr STEP from point A to point B 
and dynamic load step DL STEP between the same points for 
step 2 illustrated in Figure 16 were then computed. The DL 
RATE (rate at which DL was varied) and the PUMP RATE (rate at 
which inflation pressure was increased) were determined so 
that the tyre would move directly from point A to point B. 
It was desirable that this occur as rapidly as possible while 
remaining within the limits selected by the operator. 
The remainder of the steps were completed in a similar 
fashion. A typical run with five steps as shown in Figure 16 
took approximately 20s to complete. This depended on the net 
traction required during the test and the soil conditions 
which determined the DL min that was reached before step 1 
was terminated. 
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Once the final target had been reached the tractive 
efficiency response surface was computed from the data 
collected during the cycling procedure. A complete second 
order linear model of the form presented earlier in 
equation (13) was used to represent the response surface. 
The tractive efficiency, inflation pressure and dynamic load 
data were used to determine the coefficients for the model. 
Standard matrix algebra procedures was employed to solve for 
the coefficients of the normal equations to minimize the sum 
of squares of the residuals. 
To minimize the processing time required to solve for the 
coefficients, the matrix and vector comprising the number of 
points, sums, sums of squares and sums of products were 
filled during the data acquisition cycle as each set of 
readings were taken. This resulted in a significant saving 
of between three and four seconds in CPU processing time 
depending on the length of the test run. 
Once the last step was complete, the matrix was inverted and 
the coefficients determined yielding the tractive efficiency 
response surface for the particular conditions. This step 
required approximately lOOms of processing time. 
The maximum value of tractive efficiency for this surface 
over the range of the data was determined using the direct 
search method of Hooke and Jeeves which is a ridge seeking, 
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hill-climbing routine (Siddall, 1982). Further details of 
this technique are presented in Appendix c. 
The dynamic load and inflation pressure conditions for this 
optimum efficiency were then automatically applied to the 
tyre providing the return step illustrated in Figure 16 in 
order to acquire steady-state data at TE MAX. The data were 
stored and used at a later stage to quantify the accuracy of 
the TE MAX determined from the regression surface. 
A suitable procedure for varying dynamic load and inflation 
pressure in real time to arrive at a maximum tractive 
efficiency via regression modelling and a direct search 
algorithm had been established. The next step was to 
evaluate the procedure over a realistic range of operating 
conditions. 
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4 EVALUATION OF OPTIMIZATION ALGORITHM 
It was necessary to develop a procedure to validate the 
control and optimization system under conditions simulating 
those which would be encountered during field operations. 
The tyre was subjected to a practical range of dynamic loads, 
inflation pressures, net traction levels and soil conditions. 
4.1 Test specification 
The general purpose nature of the tractor means that there 
are no absolute specifications for the various operating 
parameters. These parameters include the dynamic load on the 
drive wheels, the tyre inflation pressures, the draught 
requirements of implements and the soil conditions on which 
the tractor operates. For the evaluating process to be 
realistic certain assumptions had to be made in the selection 
of these parameters. 
4.1.1 Tyre, dynamic load and inflation pressure 
The main criteria that were applied in the evaluation were 
firstly, that the tyre should be a common size, and secondly, 
that the dynamic load on the drive wheel and tyre inflation 
pressure should vary over the range that could be expected 
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during field operations. At the same time care was taken not 
to operate the tyre beyond the dynamic load-inflation 
pressure limits specified by the Tire and Rim Association 
Inc., USA (1988). 
A radial ply 18.4R34 tyre was selected as being a very common 
drive wheel size in use on agricultural tractors. The Tire 
and Rim Association Inc. specify safe inflation pressure 
limits at various static loads for the tyre as shown in 
Table 2. 
Table 2 static tyre load and inflation pressure limits for 
an 18.4R34 Radial ply tyre used as a single wheel 
(after the Tire and Rim Association Inc. of the 
USA, 1988). 
Load limits (kN) at various inflation pressures (kPa) 
kPa 110 124 138 152 166 
kN 23,5 25,3 26,7 28,2 29,4 
The pressure limits shown in Table 2 apply to the static load 
on a tyre, However, to simulate the conditions on a tractor 
the expected weight transfer and resulting dynamic load on 
the drive wheel had to be determined. The dynamic load on 
the drive wheels was equal to the soil reaction (W
r
) , shown 
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in Figure 17 and equation (14) and was calculated by using 
the tractor dimensions and the line of pull of the implement. 
Figure 17 illustrates the forces which determine the dynamic 





Figure 17 External forces on a tractor implement system 
which control weight transfer. 
P Yf + W X 1 
Xo 
Where W = static weight of the tractor 
P = pull of the implement. 
.•.... (14) 
The line of pull depended on many factors such as the type of 
implement and hitch system, the state of repair and 
adjustment of the implement and the soil properties. It was 
thus not possible to fix an absolute maximum level of dynamic 
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load that would be reached during field operations at 
various levels of static load. consequently estimates were 
made to determine the practical levels of dynamic load that 
would be encountered. The specifications of a Massey 
Ferguson 298 were chosen and used to compute the expected 
dynamic load on the drive wheels. This particular model was 
selected because it was a popular tractor and it used the 
18.4R34 tyre as standard in a 2WD configuration with single 
wheels on each drive axle. 
In order to determine the maximum expected dynamic load the 
predictor charts in ASAE Data 0230.4 (ASAE standards, 1988) 
were used to determine the pull and the weight transfer. In 
using the predictor charts the following assumptions were 
made: 
(a) The tractor would operate on firm soil conditions, this 
would result in high levels of pull and weight transfer. 
(b) The tractor would operate at a design wheel slip of 9% 
for firm conditions to give maximum tractive efficiency. 
(c) The tractor would be hitched to a fully mounted 
implement to give maximum weight transfer. 
(d) The tractor would operate at 6km/h. This is the lowest 
speed that should be used to transmit maximum engine 
power to the drive wheels and develop a high pull 
without stressing the transmission. 
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The Massey Ferguson 298 had an axle power of 56.6kW, a static 
rear axle load of 23. 8kN and a total tractor weight of 
35.42kN. The predictor chart was then used to determine the 
drawbar pull for this tractor if the rear wheels were 
ballasted to each of the static loads provided in Table 2. 
By using a dynamic weight transfer coefficient of 0,65 for a 
mounted implement the dynamic load for the wheels in each 
case were calculated, providing the values provided in 
Table 3. 
Table 3 Weight transfer and dynamic load at 6km/h and at 
maximum drawbar power for a range of static rear 
axle forces (SRAF) on a Massey Ferguson 298 
tractor fitted with 18.4R34 tyres. 
Max. Weight Dynamic 
IPr Load SRAF Pull Transfer Load 
kPa kN kN kN kN kN 
110 23,5 47,0 23,2 15,1 31,0 
124 25,3 50,6 24,9 16,2 33,4 
138 26,7 53,4 26,3 17,1 35,3 
152 28,2 56,4 27,8 18,1 37,2 
166 29,4 58,8 29,0 18,8 38,8 
The resultant dynamic load-inflation pressure range is 
summarized in Figure 18 and shows the maximum permitted load 
on the tyre over the selected inflation pressure range. The 
minimum load is fixed by equation (14) with the pull equal to 
zero. The specified operating range of the tyre in terms of 
the maximum dynamic load at any inflation pressure had thus 
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been defined. At any stage during the evaluation, the 
optimization algorithm ensured that the dynamic load-
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Figure 18 The dynamic load-inflation pressure operating area 
of a 18.4R34 radial ply tyre. 
4.1.2 Net traction and soil conditions 
The selection of net traction was based on the dynamic load 
that the tyre was to be subjected to. Results published by 
Burt et ale (1983) indicated that a high tractive efficiency 
was obtained at traction ratios of between 0,3 and 0,4 and 
Dwyer (1984) stated that maximum tractive efficiency occurred 
at a traction ratio of 0,4. It was therefore deduced that 
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maximum efficiency for the high dynamic loads would occur at 
a net traction in the region of 12kN. To provide for a 
reasonable operating range, levels of net traction varying 
from 3kN to 12kN were selected as desirable for the 
experiment. In practice this would cover the drawbar 
requirements of the medium to high draft implements used with 
the Massey Ferguson 298 tractor, and also correspond to the 
range where a high tractive efficiency would be of most 
concern to the operator. 
The soil types and their preparations were selected to cover 
as wide a range of conditions that a tractor was likely to 
encounter in the field. The evaluation runs were carried out 
on the indoor soil bins at the USDA's National Soil Dynamics 
Laboratory. The indoor bins were used to assist in 
maintaining stable soil parameters during the evaluation 
programme. 
The two soil types that were chosen, were a Decatur clay loam 
and a Norfolk sandy loam. Each soil was prepared initially 
in a firm condition and subsequently in a loose condition, 
this preparation was referred to as a soil fitting. The soil 
contained a compacted layer to simulate a hard pan at a depth 
of approximately 350mm. The firm soil received additional 
compaction near the soil surface to simulate a field which 
had been ploughed to a depth of 250mm and subsequently 
disced. The loose soil was completely loose between the hard 
pan and the soil surface. The soil moisture content and bulk 
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density characteristics are presented in Table 4. The cone 
penetrometer index-depth curves for the four soil conditions 
are presented in Appendix D. 
Table 4 soil characteristics of the four soil conditions 
used for the system evaluation (after Lyne and 
Burt, 1989). 
Mean Mean 
Soil Prepared Depth Moisture Bulk 
Type Condition (rom) Content Density 
% gm/cc 
Norfolk Firm 10 6,7 1,2 
90 7,4 1,6 
140 - -
320 7,4 1,8 
Norfolk Loose 40 7,1 1,3 
320 7,S 1,6 
37S - -
Decatur Firm 10 11,1 1,1 
90 12,9 1,5 
270 12,3 1,6 
Decatur Loose 30 11,7 1,1 
300 12,4 1,6 
360 - -
(a) A cone index peak due to soil preparation. 



















4.2 Experimental procedure and data capture 
The advantage of using a soil bin was that uniform conditions 
could be obtained within the bin, however, there was only a 
limited area of soil available. Therefore, there had to be 
a compromise between the length of a test run and the range 
of individual tests. In the test design it was necessary to 
limit the length of each run while still collecting 
sufficient data to produce a representative tractive 
efficiency surface and to cover as wide a range of test 
conditions as possible. Once these conditions had been 
determined, test zones in the soil bins were allocated and 
the sequence of events within each test set out. 
The main factors affecting the length of the runs were: 
(a) The speed at which the SWTRV travelled in the soil bin. 
(b) The rate at which the dynamic load was varied. 
(c) The net traction selected. 
(d) The number of steps used during the optimization 
routine. 
(e) The time taken to move from the final step to the 
maximum tractive efficiency point. 
Burt and Lyne (1985) showed that between the speeds of 0,1 
and 0,6 m/s the forward velocity of a tyre had no significant 
influence on its tractive efficiency. A practical minimum 
speed for the SWTRV was 0,15 m/s and to limit the rate at 
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which the soil bin area was used up this speed was selected 
for the tests. 
Trial runs indicated that at a dynamic load ramp of 1,5 kN/s 
the optimization routine ran smoothly, but, if it was 
increased above this value there was a noticeable jerk as the 
routine changed from one step to the next. This DL RATE was 
thus used as the default value in the programme. 
At the higher net traction levels and as the dynamic load was 
reduced it did not take as long as with the low net traction 
levels to reach the minimum dynamic load (DL MIN) necessary 
to limit wheel slip to 25%. This resulted in shorter runs at 
the higher net traction levels. 
It was found that selecting more than five steps in the 
routine caused a data buffer overflow problem. Using five 
steps still provided good coverage of the tyre operating area 
and as will be shown later a good fit for the response 
surface was generated by the data. The time taken to move 
from the end of the optimization routine to the optimum 
tractive efficiency point varied considerably during trial 
runs and depended on the relative position of the final 
target and the estimated TE MAX point. The average distance 
for the trial runs was 14m and this was then selected as an 
optimum bin length required for a test run. 
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It was considered necessary that the range of tests should 
include the following: 
(a) Four levels of net traction, the four points would show 
trends that occurred as the net traction varied from a 
low level of 3kN to a high level of 12kN. 
(b) Three replications at each net traction level randomly 
located in the soil bin to account for any variation in 
soil condition. 
(c) A zero net traction test to determine the rolling radius 
of the wheel as a function of dynamic load, inflation 
pressure and soil type. Spare test areas were set aside 
to rerun any aborted tests. Any vacant soil area was 
used to investigate tyre operation beyond the specified 
operating range. This range of tests resulted in a 
minimum requirement of 13 test zones in each selected 
soil treatment. with a test run length of 14m three 
tests could be fitted into the length of the bin. The 
width of the bin was sufficient to enable five separate 
lanes to be used, thus giving a total of fifteen test 
zones with two spare test zones. 
The resulting layout for the Norfolk sandy loam in a loose 
condition and the test code key used throughout the tests are 
shown in Table 5. The other three test plans are presented 
in Appendix E. The SWTRV operated from South to North with 
the centre of the first lane being 1,27m from the West side 











Test plan and code for the Norfolk sandy loam in a 
loose condition. 




2 (2,llm) 3 (2,95m) 4 (3,78m) 5 (4,62m) 
S1206P S1306P S14032 S15033 
S12093 S13122 S14123 S15063 
S12121 S13031 S14092 S15061 
South 
Test Code 
Soil Lane NT Rep 
1 1 03 1 
2 2 06 2 
3 09 3 
4 12 P 
5 
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The soil fitting F in Table 5 referred to the firm condition 
and S the loose or soft condition. Soil 1 denoted the 
Norfolk sandy loam and soil 2 the Decatur clay loam. The net 
traction (NT) varied from 3kN to 12kN in steps of 3kN and RR 
was used to designate a rolling radius test as shown in the 
top left corner of the layout in Table 5. There were 3 
replications (Rep 1, 2 and 3) at each net traction level. If 
a problem occurred during a test it was repeated in a spare 
zone. The suffix P was used to designate a run beyond the 
extended range. 
The tests were carried out sequentially along each of the 
lanes 1 to 5. 
follows: 
The sequence for each test is outlined as 
(a) Once the soil had been prepared it was covered with a 
plastic sheet to prevent evaporation and then left 
overnight. 
(b) The optimization tests were started and completed in one 
session the following day to -reduce moisture changes to 
a minimum. 
(c) The soil bin was then re-covered and the soil parameters 
measured on the third day. 
The optimization programme was loaded and each test run 
individually. At the end of each test a data summary 
including means, standard deviations and a "graphic display 
was produced so that the results could be visually evaluated 
for any possible errors. If everything appeared normal the 
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data were archived and the next test run commenced, with each 
lane being completed before the next was started. If a test 
was aborted the next available test zone was allocated for a 
re-run. 
The sequence of tests for the four soil conditions were firm 
clay, loose clay, firm sand and loose sand. The transducer 
signals were recorded and then used to compute the following 
variables: dynamic load, net traction, axle torque, ground 
speed, angular velocity, inflation pressure, tractive 
efficiency and the distance travelled after control and data 
acquisition were initiated. As an example the results of a 
6kN test (test F14061) in the firm sand condition are 
presented in Figure 19, showing the change in dynamic load 
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Figure 19 Dynamic load and inflation pressure variation 
during a test run. 
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steps 1 to 5 were the data collection steps after which the 
tractive efficiency response surface was computed and the 
maximum tractive efficiency point found. Figure 19 shows the 
return step to the maximum tractive efficiency point. 
An example of a test is shown in Figure 20 where the net 
traction and forward velocity of the test wheel were 
controlled at levels of 6kN and 0,15 m/s respectively. 
Figure 20 shows the variation of net traction and forward 
veloci ty for a typical run where the mean and standard 
deviation of the net traction was 6,021 kN and 0,455 
respectively and the mean and standard deviation of the 
velocity was 0,15 m/s and 0,002 respectively. These indicate 
that the control system performed well during the test and 
this was confirmed by Lyne et ale (1987) . 
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Figure 20 Net traction and forward velocity during a test 
run. 
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5 RESULTS AND DISCUSSION 
The success of the optimization system that was developed 
depended on the ability of the general model, presented in 
section 2.3 on page 43 by equation (13), to provide a good 
estimate of the actual tractive efficiency response surface. 
This was validated by examining the actual surfaces 
determined during each run. The significance of the results 
was also investigated to estimate the value of the system. 
5.1 Validation of the model 
An analysis was carried out to validate the model used for 
the tractive efficiency response surface. S ince tractive 
efficiency is a ratio represented by: 
TE = Forward velocity * Net traction 
Wheel angular velocity * Input torque 
any noise that was present in the electronic signals 
representing the variables, forward velocity, net traction, 
input torque and angular velocity of the test wheel caused 
tractive efficiency to reflect an even greater noise. As an 
illustration, the variation in tractive efficiency that was 
measured for the three replications of the 3kN tests in the 
firm sand condition (F13031, F14032 and F15033) are shown in 
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Figure 21, replication 1, replication 2 and replication 3 
respectively. The noise on the signals caused individual 
data of tractive efficiency to in some cases be greater than 
1, this was however only random noise about the mean tractive 
efficiency. The overall variation in tractive efficiency and 
thus in the estimated tractive efficiency was the tractive 
efficiency response to the controlled change in dynamic load 
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Figure 21 Measured tractive efficiency and the estimated 
tractive efficiency determined from the 
coefficients computed during an optimization 
routine for three replications carried out on a 
firm sand with a net traction of 3kN. 
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As the tractive efficiency surface described by equation (13) 
is relatively flat, the statistical correlation produced is 
relatively low and this was further affected by the noise. 
An analysis of variance of the model on the measured tractive 
efficiency for replication 1 in Figure 21 is shown in 
Table 6, and illustrates the low R-squared value and the 
large sum of squares for the error. 
Table 6 Analysis of variance for the full regression of 
the model on measured tractive efficiency for run 
F13031. 
Source Sum of Squares DF Mean Square F-Ratio F 1% 
Model 0,783461 5 0,156692 8,35164 < 3 
Error 8,85559 472 0,0187618 
Total 9,63905 477 
(Corr. ) 
R-squared - 0,0812798 Std error of est. = 0,136974 
In order to determine the most appropriate method of reducing 
the variations shown in . Figure 21 the tractive efficiency 
data were smoothed using a simple moving average of 5, 10 and 
15 points respectively on either side of the target value to 
produce the curves shown in Figure 22 for the same three 
replications in Figure 21. 
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Figure 22 The 5pt, 10pt and 15pt moving average of tractive 
efficiency determined during an optimization 
routine carried out on a firm sand with a net 
traction of 3kN. 
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The difference between the measured tractive efficiency and 
the 15 point moving average for replication 1 in Figure 21 
was plotted in Figure 23. The mean tractive efficiency and 
the variation of dynamic load during the cycle were also 
included in Figure 23. The deviations between the actual 
readings and the moving average are random and normally 
distributed about the mean and are not affected by the 
changing dynamic load. The normal distribution of the 
deviations justifies the use of a simple moving average as 
a smoothing technique. 
DYNAMIC L 
Figure 23 The distribution of the measured tractive 
efficiency about the average tractive efficiency 
and the dynamic load versus reading number for a 
firm sand with a net traction of 3kN. 
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The 15 point (31 term) simple average provided the highest 
level of smoothing and at the same time followed the tractive 
efficiency trend. A multiple regression was therefore 
carried out with the 15 point data and the analysis of 
variance is shown in Table 7. In spite of the low slope of 
the response surface a much improved statistical fit was 
obtained. The R-squared value increased from 0,08 to over 
0,76 and the F ratio was highly significant at the 99% level. 
Table 7 Analysis of variance for the full regression of 
the model on the smoothed tractive efficiency data 
determined during an optimization routine carried 
out on a firm sand with a net traction of 3kN. 
Source Sum of Squares OF Mean Square F-Ratio F 1% 
Model . 0,683702 5 0,136740 301,539 < 3 
Error 0,214040 472 0,000453476 
Total 0,897743 477 
(Corr. ) 
R-squared = 0,761579 Std error of est. = 0,021295 
The estimated tractive efficiency using the coefficients 
determined during the optimization routine while running the 
soil bin tests, is plotted in Figure 24. Included in 
Figure 24 are the tractive efficiency estimated from the 
coefficients determined from the regression on the smoothed 
data, and the smoothed data. As can be seen the two 
estimates are very close and only deviate slightly from the 
87 
15 point data. The largest difference between the two 
estimates is 2% of the reading with the average being less 
than 1~%. These results show that the model provided an 
excellent representation of the measured data. 
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Figure 24 The 15 point moving average data and the tractive 
efficiency estimated from the measured data and 
the smoothed data for the optimization routine 
carried out on a firm sand with a net traction of 
3kN. 
Figure 25 shows three replications superimposed on each other 
for both a firm sand 3kN and a loose clay 12kN run. The 
curves are of estimated tractive efficiency versus, reading 
number. This highlights the small variation between 
replications and the large difference between the two sets 
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of tests as the dynamic load and inflation pressure varied 
during the cycle. 
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Figure 25 Replications of estimated tractive efficiency with 
reading number for a 3kN run in a firm sand and a 
12kN run in a loose clay. 
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Two further aspects of the data that were investigated were: 
(a) The variation in maximum tractive efficiency between the 
three replications. 
(b) The differences in the maximum tractive efficiency 
determined from the response surface during the 
optimization routine and the actual measured tractive 
efficiency. Both sets of tractive efficiency were 
measured at the dynamic load-inflation pressure levels 
for the estimated maximum tractive efficiency point. 
The details for the sandy loam soil are illustrated in 
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Figure 26 Maximum tractive efficiency and tractive 
efficiency measured at the maximum tractive 
efficiency point for each replication in the 
Norfolk sandy loam. 
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A difference of 5% occurred between the maximum tractive 
efficiency and measured tractive efficiency at the 3kN net 
traction level in the loose sand (replication 1). This was 
caused by an increase in travel reduction at the end of the 


















11 0 0... 







0 2 4 6 8 10 
DISTANCE m 
Figure 27 Dynamic load, inflation pressure and travel 
reduction versus distance travelled in the soil 
bin during a 3kN net traction test in the loose 
sand loam. 
Figure 27 illustrates how the travel reduction varied with 
dynamic load and how it gradually increased as the inflation 
pressure was increased during the optimization routine. At 
a distance of 8,9m from the start of the test the travel 
reduction reached its highest level during the test, this 
coincided with maximum tractive efficiency. However, at this 
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stage the control system had been accelerating the wheel to 
maintain net traction as the inflation pressure was increased 
and dynamic load was decreased. The control system did not 
react quickly enough to maintain the wheel velocity constant 
once the dynamic load and inflation pressure had reached 
their targets at the maximum tractive efficiency point. The 
wheel slip kept increasing hence giving an unusually low, 
measured tractive efficiency for that particular test. 
It can be seen in Figure 27 that at a distance of 10m the 
travel reduction had started to reduce. I concluded that if 
the test had continued the travel reduction would have 
, 
decreased to the level reached at the 8, 5m distance and 
tractive efficiency would have increased to the estimated 
level. 
This problem highlighted a limitation with the optimization 
algorithm. In retrospect the algorithm should have started 
with a high inflation pressure to determine DL MIN and then 
reduced the pressure during the routine to ensure sufficient 
traction at all times. Because of the low leak rates this 
procedure would have meant longer test runs. Furthermore the 
problem had only occurred with the above run. Therefore the 
decision was made not to change the test procedure. 
The differences in the maximum tractive efficiency determined 
from the response surface during the optimization routine and 
the actual measured tractive efficiency for the clay soil are 
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presented in Figure 28. 
provided in Appendix F. 
A summary of this data is also 
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Figure 28 Maximum tractive efficiency and tractive 
efficiency measured at the maximum tractive 
efficiency point for each replication in the 
Decatur clay loam. 
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During the tests in the l oose clay loam problems were 
encountered with the 6kN setting of net traction. This was 
caused by a logic error in the control programme which only 
became evident in this particular test. The control system 
did not return the tyre to the maximum tractive efficiency 
point and data were therefore not measured at this point. 
This fault also caused three tests to be aborted before 
maximum tractive efficiency was located which meant that two 
replications of the 6kN routine were only partially 
completed before all test areas were used. Therefore it was 
not possible to complete the test. Nevertheless it was 
concluded that the remaining tests provided sufficient 
resul ts to be able to determine the trends and relative 
differences. 
The differences between the replications are small and there 
is very good agreement between the estimated tractive 
efficiency and measured tractive efficiency. The one 
exception is the first replication at the 3kN level in the 
firm clay. Here the estimated maximum tractive efficiency 
was 80% and the value measured at that point was only 73%. 
Investigation showed that dynamic load had varied severely 
during the search process and had caused this discrepancy to 
occur. 
This variation of dynamic load is illustrated in Figure 29. 
Once the final target had been reached at a distance of 9,2m 
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the control cycle was paused while the model coefficients 
were computed and the search routine executed. Although the 
duration of the pause was for less than a second, in some 
cases it caused instability when control was restored. In 
most cases this did not cause any difficulty, but, at the low 
net traction levels the tractive efficiency was extremely 
sensitive to dynamic load. The reason for this was that the 
minimum dynamic load of 12kN was relatively high for a net 
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Figure 29 The dynamic load, estimated tractive efficiency 
and the measured tractive efficiency for a 3kN net 
traction test in a firm clay soil. 
Figure 29 also shows that although the tractive efficiency 
varied substantially once control was restored it soon became 
steady and was beginning to increase when the test was 
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terminated. It was concluded that i f the test had been 
extended the tractive efficiency would have increased to the 
estimated level. 
The differences between the average of the three replications 
of maximum tractive efficiency and measured tractive 
efficiency for the loose sandy loam soil are presented in 
Figure 30. Again, there is good agreement between the 
estimated maximum tractive efficiency and the measured 
tractive efficiency with the maximum difference of 2,8% 
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Figure 30 The average maximum regression tractive efficiency 
and the average maximum measured tractive 
efficiency for the Norfolk sandy loam in a loose 
condition. 
97 
Under the firm sandy conditions (see Figure 31) the 
differences were slightly greater being 3,3% at 9kN net 
traction. These differences were, however, significantly 
smaller than the differences between the tractive 
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Figure 31 The average maximum regression tractive efficiency 
and the average maximum measured tractive 
efficiency for the Norfolk sandy loam in a firm 
condition. 
The differences between the average of the three replications 
of maximum tractive efficiency and measured tractive 
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Figure 32 The average maximum regression tractive efficiency 
and the average maximum measured tractive 
efficiency for the Decatur clay loam in a loose 
condition. 
The differences between the average of the three replications 
of maximum tractive efficiency and measured tractive 
efficiency for the firm clay loam soil are presented in 
Figure 33. It can be seen that at the 3kN level a large 
difference of 4% occurred between the estimated and measured 
tractive efficiency values. This difference resulted from 
the complication illustrated in Figure 29. The other 
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Figure 33 The average maximum regression tractive efficiency 
and the average maximum measured tractive 
efficiency for the Decatur clay loam in a firm 
condition. 
From these results it was concluded that with very few 
exceptions caused by problems that were subsequently 
rectified, the system functioned exactly as was intended and 
that the model used to represent the tractive efficiency 
response surface provide results that were in excellent 
agreement with the values measured at the estimated maximum 
tractive efficiency point. 
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5.2 optimization of tractive efficiency 
To obtain an indication of how the tractive efficiency 
response surfaces varied with dynamic load and inflation 
pressure the response surfaces as represented by the model 
were generated from the measured data. Figure 34 presents 
typical contours of constant tractive efficiency for the 
Decatur clay loam soil in a loose condition with the tyre 
operating at 6kN net traction. These results show that 
tractive efficiency for the loose soil condition varied from 
55% to 63% over the operating range of the tyre with the 
maximum occurring at an inflation pressure of 140kPa and at 
a dynamic load of 17kN. 
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Figure 34 Contours on the tractive efficiency surface for 
Decatur clay loam soil in a loose condition for 
6kN net traction (Lyne and Burt, 1989). 
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The shape of the surface varied substantially with soil 
type, soil condition and net traction. contours from the 
tractive efficiency surface for a tyre operating at 3kN net 
traction on a Norfolk sandy loam in a loose condition are 
shown in Figure 35. The optimum tractive efficiency of 59,8% 
occurred at an inflation pressure of 118kPa and a dynamic 
load of 11kN. The minimum tractive efficiency for the 
results shown in Figure 35 is 38%. These results illustrate 
that the tractive efficiency surface is fairly uniform and 
flat, but highly dependent on small changes in soil condition 
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Figure 35 contours on the tractive efficiency surface for 
Norfolk sandy loam soil in a loose condition for 
3kN net traction (Lyne and Burt, 1989). 
Figure 36 illustrates the dynamic load and inflation pressure 
inputs for a tyre operating at a constant net traction of 9kN 
on firm Norfolk sandy loam soil. The slip necessary for the 
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development of the 9kN net traction is also shown in 
Figure 36. These results indicated that at low dynamic load, 
slip was high in order to maintain the net traction level. 
When dynamic load was high, the slip was low. Under these 
conditions, the optimum tractive efficiency occurred at 30kN 
dynamic load, at 166kPa inflation pressure, and at a slip 
of 14%. Therefore, minimum slip is not a reliable criterion 
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Figure 36 The dynamic load and slip versus inflation 
pressure on Norfolk sandy loam soil in a firm 
condition for 9kN net traction (Lyne and Burt, 
1989) . 
If a practical system for optimizing tractive efficiency 
becomes commercially available, it should select the optimum 
103 
based on actual measured values of tractive efficiency rather 
than selecting values based on slip as many other systems 
have done. 
Figures 37a and 37b present the minimum and the optimum 
tractive efficiency values that were determined on the 
Norfolk sandy loam soil over the net traction range of 3 to 
12kN for the loose and firm soil conditions, respectively. 
The benefits from optimizing tractive efficiency by selecting 
the best combination of dynamic load and inflation pressure 
will depend on the levels of dynamic load and inflation 
pressure that would have been selected had the optimization 
procedure not been used. There is very little published data 
indicating typical levels of tractive efficiency developed 
on farms, therefore, the actual benefits are difficult to 
determine. Personal experience indicates that farmers 
generally operate at low tractive efficiency levels. 
Figure 37a shows that for this loose soil condition, the 
difference between optimum and minimum tractive efficiency 
varied from 9% to 19%, depending on the net traction level 
that was required. Figure 37b shows that on the firm soil 
condition, the difference between optimum and minimum 
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Figure 37 Minimum and optimum tractive efficiency versus net 
traction for loose (a) and firm (b) Norfolk sandy 
soil (Lyne and Burt, 1989). 
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Figure 38 presents results similar to those of Figure 37 
except for Decatur clay loam soil. Figure 38a shows that for 
a loose Decatur clay loam soil, the difference between 
optimum and minimum tractive efficiency varied between 10% 
and 27%, depending on the net traction. For the firm soil, 
Figure 38b, this difference varied between 11% and 30%. 
The overall curve shapes for the Norfolk soil in Figures 37a 
and 37b and for the Decatur soil in Figures 38a and 38b are 
the same. The tractive efficiencies for the firm soils were 
higher than for the loose soils. Also, the differences 
between optimum and minimum tractive efficiency followed the 
same pattern with the largest difference occurring at 3kN and 
the smallest difference occurring at 6kN net traction. There 
is a clear indication that these similarities signify that 
soil type has a stronger influence on tractive efficiency 
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Figure 38 Minimum and optimum tractive efficiency versus net 
traction for loose (a) and firm (b) Decatur clay 
soil (Lyne and Burt, 1989). 
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For each of the soil conditions tested, the greatest 
difference between optimum and minimum tractive efficiency 
occurred at 3kN net traction. The lowest tractive efficiency 
was always at the 3kN net traction level. This low 
efficiency was the result of operating the tyre at 3kN net 
traction and at a high level of dynamic load. The energy 
used in flexing the tyre and compacting the soil under these 
conditions formed a significant part of the total input 
power. Also, the output power was quite low since the net 
traction demand was only 3kN. Therefore, the resulting 
tractive efficiency was low. These conditions occur, for 
example, during row crop cUltivation. The optimization 
system should provide a significant improvement in tractive 
efficiency under such conditions. 
There was a tendency on most soil conditions tested, for the 
optimum tractive efficiency to increase with increasing net 
traction and, consequently, with higher levels of output 
power. This tendency may have been the result of minimizing 
the overall role of rolling resistance by operating at high 
output power. In cases where tractive efficiency increases 
with increasing net traction the current trend in machinery 
management of increasing tractor speed and reducing implement 
draft is therefore questionable. 
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Figure 39 shows the dynamic load which was selected for 
optimum tractive efficiency for each of the net traction 
levels, soil types and soil conditions tested. optimum 
tractive efficiency values for these conditions are presented 
earlier in Figures 37 and 38. The dynamic load for optimum 
tractive efficiency increased almost linearly with net 
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Figure 39 The dynamic load for optimum tractive efficiency 
for each net traction level and soil condition 
(Lyne and Burt, 1989). 
At 12kN net traction, the dynamic load required for optimum 
tractive efficiency deviated from the linear trend and was 
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lower in proportion to the dynamic load than at the lower net 
traction levels. One explanation for the non-linear trend 
could be that soil compaction may have reached a maximum at 
about the 30kN dynamic load level and at 9kN net traction. 
Hence further increases in dynamic load and net traction did 
not require a proportional increase in energy for soil 
compaction. 
The inflation pressure for optimum tractive efficiency for 
each of the net traction levels, soil types and soil 
conditions tested are presented in Figure 40. At 9kN net 
traction, the inflation pressure for optimum tractive 
efficiency differed greatly for the two s~il types, with the 
Decatur soil requiring 166kPa as compared to 110 and 128kPa 
for the Norfolk soil. At 12kN net traction, the Norfolk soil 
required the greatest inflation pressure for optimum tractive 
efficiency. These differences perhaps reflect the division 
of energy for soil compaction and tyre flexure for the two 
soil types. It should be noted that the optimum tractive 
efficiency at a particular level of net traction is sensitive 
to the combination of dynamic load and inflation pressure. 
However, at a constant level of dynamic load, tractive 
efficiency is not highly responsive to inflation pressure as 
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Figure 40 The inflation pressure for optimum tractive 
efficiency for each net traction level and soil 
condition (Lyne and Burt, 1989). 
The tests provided a comprehensive set of data which were 
collected under strictly controlled conditions and covered 
a wide range of operating conditions. It was the first time 
that performance data had been measured where both dynamic 
load and inflation pressure were varied over their operating 
ranges at various net traction levels. The data are lodged 
with the Department of Agricultural Engineering at the 
University of Natal in Pietermaritzburg, South Africa, and 
are available on disk in an ASCII format. These data 
provided an ideal opportunity to examine the measured results 
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and compare the optimum operating parameters with some of 
those recommended by other researchers with particular 
reference to traction ratio and wheel slip. 
5.3 Traction Ratio and Wheel Slip 
After studying a large amount of data Dwyer (1984) stated 
that maximum tractive efficiency occurred at a traction ratio 
of 0,4 over a surprisingly wide range of tyre and soil 
condi tions. He used this ratio to calculate the optimum 
ballast for tractors, however, Figure 41 shows that as the 
operating conditions vary, the traction ratio at maximum 
efficiency varies from 0,25 to 0,383. 
The minimum static weight of the simulated tractor and thus 
the DL MIN used in the tests was 12kN. The 12kN resulted in 
a ballast which was higher than the optimum required for the 
3kN net traction level and therefore resulted in the low 
112 
traction ratio for the 3kN tests. This would also be true 
for a tractor operating at low net traction levels. 
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Figure 41 variation of traction ratio at maximum tractive 
efficiency for four different net traction and 
soil conditions. 
The difference in tractive efficiency obtained at the peak 
of the tractive efficiency response surface and that obtained 
at a traction ratio of 0,4 is shown in Figure 42. Although 
in some cases the differences are small it must be remembered 
that Taylor (1980) estimated that a difference of one percent 
in tractive efficiency would save the U.S.A. farmers between 
284 and 302 billion litres of fuel annually. 
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Figure 42 The increase in tractive efficiency obtained by 
changing the traction ratio from 0,4 to the 
optimum for four soils and net traction levels. 
The wheel slip levels at maximum tractive efficiency were 
measured at each net traction level and soil condition. 
These values are provided in Figure 43 and indicate that the 
optimum wheel slip varies with net traction in a particular 
soil condition. This shows that linking a wheel slip level 
to a soil condition would not result in optimum efficiency, 
and strengthens the case for an automatic control system to 
be used to optimize tractive efficiency. 
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Figure 43 Travel reduction at maximum tractive efficiency, 
at various net traction levels and various soil 
conditions. 
These results illustrate the tremendous potential of the 
system developed in this research. Fitted to a tractor it 
would greatly reduce the management effort required and the 
inconvenience necessary to improve tractive efficiency. I 
believe that it is only a matter of time before manufacturers 
recognise the benefits that such a system would provide and 
incorporate similar systems on production tractors. I 
further believe that if farmers were aware of the benefits 
that could be obtained they would demand such a system on 
their future tractors. 
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The safety features programmed into the control system 
functioned perfectly. A few problems did occur which caused 
limits to be exceeded and these resulted in a orderly shut-
down of the SWTRV. The control system has also been used 
very successfully for numerous research projects spanning a 
number of years. A design incorporating the dynamic load 
component of the system developed here has since been 
successfully tested on a standard 62kW tractor operating 




The major limitation in optimizing tractor operation is the 
inability of the tractor operator to obtain maximum tractive 
efficiency. Although tractive efficiency can be optimized 
by selecting the appropriate values of dynamic load and 
inflation pressure, in practice this is difficult to achieve. 
within the recommended operating range of the tyre, optimum 
tractive efficiency varies with the net traction demand, the 
soil type and the . soil condition. There are prediction 
systems available to assist the operator achieve optimum 
efficiency, but, these rely on the operator being able to 
quantify net traction demand, the soil type and the soil 
condition. It has been shown that it is not practical for 
the operator to achieve this with any degree of accuracy and 
an ideal solution for the operator would be an automatic 
control system to optimize traction during field operations. 
This research has shown that an algorithm operating with 
hardware available today can successfully vary the dynamic 
load and inflation pressure of a drive wheel and determine 
the optimum levels of these parameters to ensure maximum 
tractive efficiency. During an operation maximum tractive 
efficiency could be achieved within approximately 20s and 
allow the system to correct the inflation pressure and 
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dynamic load as conditions changed in a field. 
The safety checks built into the system operated flawlessly. 
This indicates that careful design can ensure that an 
automatic control system will be safe to use. 
During the evaluation of the system excellent agreement was 
achieved between the actual tractive efficiency measured at 
the estimated maximum point and that estimated for the same 
point. This was accomplished while simulating a range of 
field conditions which covered those that could be expected 
on a farm. A system using the dynamic load component of the 
algorithm developed here has since been successfully tested 
on an agricultural tractor under field conditions. 
Tractive efficiency can be increased by up to 30% under some 
operating conditions by selecting the dynamic load and 
inflation pressure for optimum efficiency. This shows that 
sUbstantial savings in time and energy could be achieved by 
using such a system. 
The largest difference between optimum and minimum tractive 
efficiency occurred at low levels of net traction and the 
highest tractive efficiency levels occurred at high levels 
of net traction. These results indicate firstly, that the 
operator has to be particularly careful at low levels of net 
traction where large losses can occur and secondly, to make 
optimum use of the tractor, he should at all times strive to 
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load the tractor to as high a level of net traction as 
possible. 
It should be feasible to incorporate such a system on a 
normal tractor. Weight transfer hitches and ballasting of 
the implements would make the implementation of such a system 
a practical option. It would relieve the operator of the 
difficul ty of attempting to quantify the soil parameters, the 
net traction required, the required wheel slip and the 
inconvenience -of ballasting and inflating the tyres 
correctly. 
When developing a system it would be necessary to begin all 
optimization routines at maximum inflation pressure and 
maximum load and to reduce the dynamic load to a minimum 
level determined by a maximum wheel slip level. The 
optimization routine could then be completed by lowering the 
inflation pressure and cycling the dynamic load. This 
procedure would solve the limitation in the existing system 
of possibly losing traction at high inflation pressures and 
low dynamic loads. 
This system used in conj unction with an expert system to 
provide the operator with feedback of tractor operating 
parameters and of what adjustments should be made would 
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Description of the control and optimization 
routine. 
The optimization routine was started by activating a latched 
switch known as the "Tire" switch on the console in the 
instrument car. The switch caused a supervisory programme 
running on the computer to down-load the control programme 
from the host computer to the mini computer. 
The initial section of the programme consisted of an 
interactive editor which displayed default values of the 
various variables and limits. If any of the controlled 
variables deviated from their set points by more than a set 
limit the programme was automatically terminated, a partial 

























Once the above values had been edited to those required for 
the current test, the programme began cycling through the 
control and optimization routine. A flow chart of the 
control and optimization routine is given in Figure AI, 
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various blocks of the programme are labelled and descriptions 
of these blocks are given below: 
(a) Once a ramp-down cycle had been enabled a number of the 
checks were bypassed. 
(b) Once the initial target shown in Figure 16 in section 
3.5 and the test zone had been reached the "Data" switch 
on the console was activated to start the optimization 
routine. This was a check to determine whether the data 
switch had been activated. 
(c) A flag was used to indicate whether the tire switch was 
activated. This was the switch which started the main 
programme and was used to terminate the programme once 
the optimization routine was complete. 
(d) A flag was set to indicate whether the data switch had 
been activated. 
(e) Similarly a control flag was set once the control switch 
had been activated. 
(f) Once control had been disabled for whatever reason a 
flag was set to prepare the programme for a ramp-down 
cycle. 
(g) The data acquisition routines. 
(h) During the ramp-down cycle, control was returned to the 
ramp-down block (h) via the connector (3). Once the 
ramp-down cycle was complete the flags and outputs were 
reset to zero and the programme was terminated. 
(i) The various limits were checked and if any fault was 
detected at this stage a ramp-down cycle was executed 
and the programme terminated. 
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(j) This is the stage where the various set points were 
computed and a description of this stage is given in 
Appendix B. 
(k) If control was not enabled, the set point signals were 
reset to zero. 
(1) The analogue signals to the meters on the SWTRV and for 
the analogue controllers were transmitted from the 
instrument car. The pulse train for the computer 
integrity check was also transmitted to the SWTRV at 
this stage. 
(m) A data point was saved for every 50mm distance travelled 
along the bin. This was only saved as a data point if 
data acquisition was enabled. 
(n) This was the ramp-down routine which gradually reduced 
the dynamic load, the net traction and the vehicle 
velocity to zero over a two second period. This was 
achieved by ramping the set points from the current 
values to zero. 
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Flow chart of the control programme for the 
optimization routine. 
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APPENDIX B Description of the procedure to determine the 
set points for the controller. 
A flow chart showing the process to determine the actual set 
point values for the controller on SWTRV is shown in Figure 
B1. This describes the logic used to vary the dynamic load 
and inflation pressure to the initial target and once the 
data acquisition had been activated to ramp it down to the 
minimum dynamic load DL min and to then set the intermediate 
targets to reach the final target. 
Once the final target had been reached the coefficients for 
the tractive efficiency response surface coefficients were 
computed. The surface was then searched for the maximum 
tractive efficiency point. The maximum TE point was then set 
as a target and the DL and IPr ramped to it. When the 
maximum TE point was reached the programme indicated that 
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Flow chart of the process used to set the 
targets for the control programme during the 
optimization routine. 
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Appendix C Search technique to determine the optimum 
tractive efficiency. 
The Hook and Jeeves strategy of direct search is one of the 
earliest and most successful methods of numerical 
optimization (Siddall, 1982). The direct search avoids the 
use of derivatives, making instead local exploratory searches 
to determine the slope of the surface. 
Siddall (1982) provides a suite of optimization subroutines 
and a selection of these were used to implement the search 
process. The subroutines were written to locate the minimum 
point on a concave surface and therefore had to be modified 
to locate the peak on the convex profile of the tractive 
efficiency response surface. 
search were as follows: 
The steps involved in the 
(a) The optimization function was calculated using the 
coefficients determined during the optimization routine. 
(b) Constraints were set up to limit the search to within 
the dynamic load-inflation pressure area. 
(c) The search was initiated within the dynamic load-
inflation pressure area. 
(d) Once the optimum point was located, 100 random points of 
tractive efficiency within the dynamic load-inflation 
pressure area were compared with the located optimum. 
This was carried out to verify that a global rather than 
a local optimum had been located. If a local optimum 
had been found the search was restarted from the higher 
tractive efficiency point. 
This routine required approximately 400ms to locate the 
maximum tractive efficiency point. A test run showing the 
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Penetrometer curves of the four soil 
conditions used for the evaluation tests. 
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Appendix E Test plans for the evaluation of the 
optimization routine. 
Table E1 shows the test plan for the Norfolk sandy loam in a 
firm condition and Tables E2 and E3 show the test plans for 
the Decatur 
respectively. 
all the tests. 
Table E1 




clay loam i n a loose and firm condition 
The test code shown in Table E1 was used for 
Test plan for the Norfolk sandy loam in a 
firm condition. 




(2,11m) 3 (2,95m) 4 (3,78m) 5 (4,62m) 
F22031 F23091 F24061 F25122 
F22032 F23094 F24062 F23123 




Fitting Soil Lane NT Rep 
F 1 1 03 1 
S 2 2 06 2 
3 09 3 














Test plan for the Decatur clay loam in a 
loose condition. 




(2,11m) 3 (2,95m) 4 (3,78m) 5 (4,62m) 
523065 523064 524092 525093 
522091 523122 524123 525063 
522032 523061 524033 525121 
50uth 
Test plan for the Decatur clay loam in a firm 
condition. 




(2,11m) 3 (2,95m) 4 (3,78m) 5 (4,62m) 
F1212P F13RR1 F14123 F15063 
F12124 F13062 F14032 F15033 




Appendix F 8ummary of the estimated maximum TE and the 
measured TE at the estimated maximum TE 
point. 
Table F1 Results for the test runs on a Norfolk sandy loam 
soil in a loose (8) and a firm (F) condition. The 
averages for the three replications and the 
percentage difference between the estimated and 
measured TE are also given. 
Test Maximum TE from % NT 
Number Regression Avg. Measured Avg. Diff. kN 
813031 59 56 -5 
814032 58 58,0 59 57,3 2 3 
815033 57 57 0 
815061 58 61 5 
811062 61 59,0 63 60,7 3 6 
815063 58 58 0 
811091 64 65 2 
814092 64 64,3 65 64,7 2 9 
812093 65 64 -2 
812121 64 63 -2 
813122 63 63,0 65 64,0 3 12 
814123 62 64 3 
F13031 66 66 -1 
F14032 67 65,3 63 63,8 -6 3 
F15033 63 63 -0 
F14061 67 69 2 
F13062 68 66,8 65 66,7 -4 6 
F15063 66 66 1 
FII091 74 71 -4 
F15092 69 72,4 66 70,0 -5 9 
F11093 74 73 -2 
F12121 79 78 -1 
F14123 70 73,8 70 74,0 1 12 F12124 73 74 1 
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Table F2 Results for the test runs on a Decatur clay loam 
soil in a loose (S) and a firm (F) condition. The 
averages for the three replications and the 
percentage difference between the estimated and 
measured TE are also given. 
Test Maximum TE from % NT 
Number Regression Avg. Measured Avg. Diff. kN 
S21031 63 60 -5 
S22032 64 63,7 62 61,3 -3 3 
S24033 · 64 63 -2 
S25063 63 0 6 
S23065 68 65,5 0 0,0 
S22091 65 65 0 
S24092 66 65,7 69 66,7 4 9 
S25093 66 66 0 
S25121 66 65 -2 
S23122 68 67,0 67 66,0 -1 12 
S24123 67 66 -2 
F22031 80 73 -9 
F22032 79 78,0 74 75,0 -6 3 
F23033 75 77 3 
F24061 82 81 -1 
F24062 76 76,6 76 75,7 0 6 
F22063 72 70 -3 
F21092 85 85 0 
F24093 76 78,6 75 77,3 -1 9 
F23094 75 72 -4 
F21121 74 78 5 
F25122 81 76,7 78 76,3 -4 12 
F23123 75 73 -3 
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